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Introduction 
We will use two in vitro models relevant to neurodegeneration to investigate the 
neuroprotective potential of new TGF trophic factors and new synthetic immunophilin 
ligands. These agents will be studied in a model of chronic excitotoxicity and chronic 
oxidative stress using organotypic spinal cord cultures and in cultures prepared from 
transgenic mice with human SOD1 mutations. To date, this model has been relatively 
accurate in predicting agents with clinical efficacy in the fatal neu rodegenerative 
disease amyotrophic lateral sclerosis (ALS; Lou Gehrig's disease). Furthermore, these 
models will enable the detection of new agents capable of inducing rapid motor axon 
growth. 

Body 
The original Aims for years 1-3 of the proposal included the following: 

Aim 1. Neuroprotection: excitotoxicity. To determine if selected members of the 
TGF family of neurotrophic factors (neurturin, nodal, and GDNF) or other potent 
neurotrophic factors (e.g., carditropin-1) or small molecule synthetic factors (e.g. GPI- 
1046;Gilford) can prevent motor neuron degeneration in a model of chronic 
excitotoxicity. 

A. To investigate the effects of selected TGF family trophic factors, GPI-1046 
and carditropin-1 on motor neuron growth and survival in organotypic spinal cord 
cultures 

B. To evaluate the neuroprotective properties of selected TGF family trophic 
factors, GPI-1046 and carditropin on motor neurons in a model of chronic excitotoxicity. 

C. To investigate the mechanisms by which TGF trophic factors protect against 
excitotoxic motor neuron degeneration: alterations in glutamate receptor subunits that 
modulate calcium permeability (GluR2), and glutamate transporters. 

Significance: These studies could serve as indicators of potent neuroprotectants and 
motor axon growth stimulation that have the potential to alter the course of ALS and/or 
repair motor axons after injury. 

Aim 2. Neuroprotection: mutant SOD1. To determine if selected members of the 
TGFß family of neurotrophic factors (neurturin, nodal, and GDNF) or other potent 
neurotrophic factors (e.g., carditropin-1) or small molecule synthetic factors (e.g. GPI- 
1046;Gilford) can prevent degeneration of motor neurons cultured from mice transgenic 
for mutant SOD1. 

A. To investigate the effects of selected TGFß family trophic factors, GPI-1046 and 
carditropin-1 on altering, in vitro, motor neuron degeneration from mice with 
human SOD1 mutations. 

B. To investigate the mechanisms by which TGFß trophic factors protect against 
motor neuron degeneration associated with the SOD1 mutations: modulation of 



oxidative stress-induction of antioxidant protection systems and/or alterations in 
glutamate receptor subunits that modulate calcium permeability (GluR2). 

Most of Aim 1 projects were addressed in the first year of this grant proposal, 
recently resulting in a publication1 , and presentations at National meetings . 

In Year two of the grant (this years report), the original proposal outlined plans to 
evaluate aims Aim 1C, Aim 2A, and Aim 2B. Most of the studies in those Aims were 
completed during the year and some of those results were presented at National 
meetings 2"6. A manuscript based on that data is now being prepared for peer-review 
publication. 

Neuroprotection in ALS Models and Excitotoxicitv 

In the first 2 years of this project we demonstrated that a novel 
nonimmunosuppressive immunophilin ligand, GPI-1046 was highly protective of motor 
neurons in an in-vitro model of excitotoxicity. The mechanism of this neuroprotective 
effect was unknown. We went on to show that the neuroprotective properties of GPI- 
1046 were due, in part, to up regulation of the glutamate transporter GLT-1. 

As described last year, excessive accumulation of extracellular glutamate results 
in neuronal death. Termination of synaptic glutamate transmission and the prevention 
of excitotoxicity depend on rapid removal of glutamate by high affinity transporters. Of 
the 5 transporters expressed in the mammalian brain, EAAT2 (GLT-1) is the most 
abundant and responsible for the bulk of all glutamate transport, accounting for 80-95% 
of all transport activity (varying by brain region). This transporter plays a crucial role in 
the prevention of chronic glutamate neurotoxicity, and is markedly decreased in 
amyotrophic lateral sclerosis (ALS). Additional studies suggest abnormalities of EAAT2 
may exist, to a lesser degree in Alzheimer's disease and Huntington's disease. 

Induction of GLT1/EAAT2 by GPI-1046 and GDNF. Recent studies have 
shown that GLT-1 expression can be induced in-vitro by various factors. The 
immunophilin ligand GPI-1046 (3-(3-pyridyl)-1 -propyl (2S)-1-(3,3-dimethyl-1,2- 
dioxopentyl)-2-pyrrolidinecarboxylate) is a synthetic, non-immunosuppressive derivative 
of FK506. In the spinal cord organotypic culture model of chronic excitotoxicity GPI- 
1046 exerts a potent neuroprotective effect on motor neuron survival. We found that in 
the same organotypic model GPI-1046 increases GLT-1 immunoreactivity by over 
100%, and causes a similar increase in DHK-sensitive Na+-dependent glutamate 
uptake. We further demonstrated induction of GLT-1 expression and function in-vivo, by 
both, oral-dosing, and intraventricular infusion of rodents with this neuroimmunophilin 
ligand. We hypothesize that the neuroprotective properties of this agent may be due, in 
part, to stimulation of glutamate transporter expression and activity, and that such an 
induction may become a valuable therapeutic approach against excitotoxicity. In a 
similar fashion we were also able to show that GDNF induced GLT-1 expression by 
over 100%. We further demonstrated specific inductions in GLT-1 levels in several 
brain regions of male, Sprague Dawley rats following intraventricular infusion with 
GDNF. These studies are now being written up for publication 



The glutamate transporter EAAT2 has been shown to be deficient in ALS and 
antisense knockdown of EAAT2 leads to motor neuron degeneration. As described 
above, our preliminary data suggested that GPI-1046 may increase expression of 
EAAT2 protein and function. We therefore studied the effect of GPI-1046 on survival 
and motor performance in the G93A transgenic mouse model of familial ALS. Two lines 
of transgenic mice, a high expresser (G1H+) and a low expresser (G1L/+) were used. 

G1H/+ transgenic mice received a subcutaneous injection of either 20 mg/kg or 
40 mg/kg of body weight of GPI-1046 on 5 days out of 7 from the age of 50 days. 
G1L/+ transgenic mice received an oral administration of 50 mg/kg of body weight of 
GPU 046 twice a day from the age of 150 days. The oral administration of GPI-1046 
was able to significantly delay the onset of motor impairment (quantified by failure on 
rotorod) from 212.2+/-12.47 (n=14) to 234.1+/-10.65 (n=15) days of age (P= 0.048; one 
tail T-test) and thus extend the survival by approximately 12%. No significant changes 
were observed compared' with the control group in the high expressor line of mice. 
GPI-1046 may therefore have therapeutic potential in neurological diseases such as 
ALS, Alzheimer's disease, Parkinson's disease and stroke. 

Glutamate Transporter Interacter Proteins. Since glutamate transport may be 
an important process to minimize glutamate toxicity, and the drugs described above 
provide one means to modulate this important protein, we have developed a program to 
identify proteins that interact and modify glutamate transporter activity. We recently 
completed such a screen and identified two such proteins, GTRAP (glutamate 
transporter associated proteins) that can potently stimulate neuronal glutamate 
transporters.   This data is included in our recent publication7"9. 

FDA Screen- Drugs screen to identify Drugs capable of Stimulating 
Transporter Synthesis. Although not originally included in this grant proposal, 
identification of a range of drugs capable of stimulating EAAT2 synthesis may be useful 
therapeutically. Under the initiation of a short term project by NINDS, we recently 
completed a c=screen of 1040 FDA approved drugs and nutritional supplements The 
assay, based on slice cultures ofd spinal cord, was designed to determine if a particular 
agent, at a fixed concentration, could induce synthesis of EAAT2. The screen was 
completed in 6 months. From this assay, we detected 10 drugs capable of stimulating 
EAAT2 protein 3 to 6.5 fold compared to untreated controls. We will soon be 
examining whether these drugs induce transporter activity and can be neuroprotective 
in vitro in animal models of neurological disease (e.g. ALS transgenic ice). If we are 
successful, many of these compounds could readily be used clinically and could be 
examined in other models of neurodegenerative disease, (this work largely funded by 
NIH Supplement grant)10"11 

Identification, Cloning and Analysis of the EAAT2 promoter. We have 
identified typical putative promoter elements that include CCAAT boxes, Sp 1 binding 
sites (GGGGCGGGG or CCCCGCCCC), E-box motifs (CACCTG, CAYGTG or 
CANNTG), binding sites for elements from the GATA family of transcription factors 



(motifs that can affect kidney tissue expression), NF-KB, and binding sites for WT1 
(GNGGGNGNG). Nucleotide repeat regions, poly(dA:dT) and poly(dG:dT), that are 
thought to affect transcription through conformational changes in the DNA structure 
were also found in the flanking sequence.   Notably, cyclic AMP response elements 
(CREB binding domains) were also identified in this first 2.8 kb fragment. GLT- 
1/EAAT2 is known to be upregulated by cyclic AMP, which typically activates 
transcription thru cyclic AMP response elements (CREB). Several possible CREB 
promoter motifs were also found within the EAAT2 promoter. 

Three regions from the 5' EAAT2 flanking region of the promoter were 
amplified by PCR and cloned into a promoterless luciferase reporter vector (pGL3, 
Promega). The constructs were transiently transfected into various cell lines eg. HEK 
293T, COS7, C6 glioma, and luciferase activity was measured.   The highest level of 
expression was obtained from COS7 cells. To control for transfection efficiency 
luciferase activities will be normalized with Renilla luciferase activity or ß-galactosidase 
activity. All three fragment showed activity, with the greatest activity from the full length 
construct. In preliminary studies to determine if the promoter can drive expression of 
EAAT2, we packaged the 2.8 upstream fragment along with the EAAT2 cDNA. In 
transient transfection, EAAT2 protein can be measured from COS-7 cells containing 
this construct. (This work largely funded by patient donated gifts). 

Overall Key Research Accomplishments: 

Identification of new TGFßl neuroprotective factors (GDNF) for motor neuron 
toxicity. 

New methods to prevent motor neuron degeneration 

New agents to enhance motor axon growth- GDNF, Neurturin 

A new method to screen for drugs/factors capable of enhancing motor nerve 
growth (organotypic cultures) 

Extended survival in a transgenic mouse model of ALS by the 
neuroimmunophilin GPI-1046 

Identification of GTRAP41 and GTRAP48- positive modulators of glutamate 
transport. 

Development of a model to screen for dugs capable of inducing EAAT2/GLT-1 
synthesis 

Identification of 10 related FDA approved drugs that potently stimulate EAAT2 
synthesis. 

Identification of the EAAT2 Promoter 



Reportable outcomes 
1. TGFß-like trophic factors induce synthesis of glutamate transporter proteins. This 

discovery provides one possible mechanism for action of these agents in their 
neuroprotective profile discovered in our earlier work . 

2. Neuroimmunophiiin compounds are capable of inducing the synthesis of the 
predominant glutamate transporter EAAT2. This can occur even with oral delivery. 

3. Neuroimmunophiiin GPI-1046 can increase survival in an ALS transgenic model. 

4. GTRAP41 and GTRAP48 are novel potent stimulators of cerebellar specific 
glutamate transport protein EAAT4. 

Conclusions to date 
Members of TGFß-like trophic factors family including GDNF, neurturin, 

persephin, nodal andTGFßl can protect motor neurons against chronic glutamate 
toxicity. However, only GDNF and neurturin can induce motor axon outgrowth and this 
effect appears to be mediated through the RET receptor and the MAP kinase/PIK3 
pathways. We have now learned that the neuroprotection afforded by these compounds 
may be due to their ability to induce the synthesis and activation of glutamate 
transporters. These compounds may be useful as potential therapeutic agents in 
treating neurodegenerative diseases such as ALS, Parkinson's disease and other 
disease in which glutamate excess may be a contributing factor. The axon growth 
stimulation of some of these compounds, as reported last year, may also have 
relevance in peripheral nerve injuries and spinal cord injury. 

Compounds and proteins have been identified that can stimulate/regulate 
glutamate transporter function. These agents, in the future could serve as useful 
therapeutics to prevent neural degeneration associated with excess glutamate. Such 
diseases include Amyotrophic lateral sclerosis, Parkinson's disease, Alzheimer's 
disease. At least some of these compounds might sub serve other therapeutics- such 
as antiepileptics12 and drugs capable of slowing brain tumor growth. 

Final Conclusions- This study identified several different classes of drugs that 
can increase glutamate transporter protein and function. These drugs could prove very 
useful as a treatment to slow down disease in a number if neurological conditions 
including: 

ALS 
Parkinson's disease 

Indirect additional benefits form some of these drugs could include: 
Brain tumor (glioblastoma) 
Epilepsy 
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ORIGINAL RESEARCH ARTICLE 

The expression of glutamate transporter GLT-1 in the rat 
cerebral cortex is down-regulated by the antipsychotic 
drug clozapine 
M Melone1, L Vitellaro-Zuccarello2, A Vallejo-lllarramendi3, A Perez-Samartin3, C Matute3, A Cozzi4, 
DE Pellegrini-Giampietro4, JD Rothstein5 and F Conti1 

ystituto di Fisiologia Umana, Universitä di Ancona, Via Tronto 101 A, Torrette di Ancona, 60020 Ancona, Italy; 
2Dipartimento di Fisiologia e Biochimica General!, Universitä di Milano, Via Celoria 26, 20133 Milan, Italy; 3Departamento 
de Neurociencias, Universidad del Pais Vasco, 48940-Leioa, Vizcaya, Spain; ADipartimento di Farmacologia Preclinica e 
Clinica, Universitä degli Studi di Firenze, Viale G Pieraccini 6, 50139 Firenze, Italy;5Department of Neurology, The Johns 
Hopkins University, Baltimore, MD 21287-7519, USA 

We show here that clozapine, a beneficial antipsychotic, down-regulates the expression of 
the glutamate transporter GLT-1 in the rat cerebral cortex, thereby reducing glutamate trans- 
port and raising extracellular glutamate levels. Clozapine treatment (25-35 mg kg-1 day-1 

orally) reduced GLT-1 immunoreactivity in several brain regions after 3 weeks; this effect was 
most prominent after 9 weeks and most evident in the frontal cortex. GLT-1 protein levels 
were reduced in the cerebral cortex of treated rats compared with controls and were more 
severely affected in the anterior (71.9 ±4.5%) than in the posterior (53.2 + 15.4%) cortex. L- 
[3H]-glutamate uptake in Xenopus laevis oocytes injected with mRNA extracted from the 
anterior cerebral cortex of rats treated for 9 weeks was remarkably reduced (to 30.6 ± 8.6%) 
as compared to controls. In addition, electrophysiological recordings from oocytes following 
application of glutamate revealed a strong reduction in glutamate uptake currents 
(46.3 ± 10.2%) as compared to controls. Finally, clozapine treatment led to increases in both 
the mean basal (8.1 ± 0.7 ju.M) and the KCI-evoked (28.7 ± 7.7 ju,M) output of glutamate that were 
3.1 and 3.5, respectively, higher than in control rats. These findings indicate that clozapine 
may potentiate glutamatergic synaptic transmission by regulating glutamate transport. Mol- 
ecular Psychiatry (2001) 6, 380-386. 

Keywords: glutamate; glutamate uptake; neuroleptics; transporter regulation; synaptic trans- 
mission; schizophrenia 

Introduction 

Several studies suggest that glutamatergic hypofunc- 
tion mediated by alterations of JV-methyl-D-aspartate 
(NMDA) glutamate receptors may explain some fea- 
tures of schizophrenia.1-8 Indeed, the psychotomimetic 
drug phencyclidine blocks the NMDA channel9 and 
mice expressing low levels of the NMDAR1 subunit 
display behaviors related to schizophrenia that are 
ameliorated by antipsychotic treatment.6 

Defective glutamatergic signaling, however, may also 
result from other mechanisms. High-affinity glutamate 
transporters (GluTs) play a pivotal role in the regu- 
lation of glutamatergic transmission, as they contribute 
to shaping excitatory postsynaptic responses and are 
essential for maintaining physiological levels of gluta- 

Correspondence: F Conti, Istituto di Fisiologia Umana, Universitä 
di  Ancona,  Via Tronto  10/A,  Torrette  di Ancona,  1-60020 
Ancona, Italy. E-mail: f.conti@popcsi.unian.it 
Received 11 October 2000; revised 8 January 2001; accepted 10 
January 2001 

mate.10 Among the five GluTs that have been charac- 
terized in the mammalian CNS, GLT-1, a GluT 
localized to distal astrocytic processes, exhibits the 
highest level of expression, it is responsible for the gre- 
atest proportion of total glutamate transport and its 
functional inactivation raises extracellular glutamate 
levels.1112 We therefore examined whether chronic oral 
administration13 of the widely used and highly effec- 
tive antipsychotic clozapine14'15 (25-35 mg kg-1 day-1 

in the drinking water) reduces the expression of GLT- 
1 in rats. 

Materials and methods 

Animals 
Eighty-eight adult Sprague-Dawley rats (initial weight 
190-220 g) were used. Their care and handling were 
approved by the Ethical Committee for Animal 
Research of the University of Ancona. Animals were 
housed 2-3 per cage, kept under a 12 h light-dark cycle 
(lights on at 6 am) and permitted food and water ad 
libitum. Experimental animals [n = 44) received cloza- 
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pine for one (i7 = 4), three [n = 4], six (n = 5), nine 
\n = 27) or 12 (n = 4) weeks. Each group was matched 
to a group of control animals of the same age [n = 44). 

Treatment regimen, doses and length of treatment 
were as in Fitzgerald ef al,13 and were based on pre- 
vious dosing strategies in rats1617 that have been 
extrapolated from human clinical dosages.1318 Oral 
clozapine administration provides more stable and 
continuous levels, given the reported rapid elimination 
of the drug13 and its inability to accumulate in the 
brain.1920 Clozapine (Sandoz, Basel, Switzerland) was 
diluted in the drinking water at 0.5 mg ml"1 (pH 6.0) 
as described by See and Ellison.10 Daily dosage, calcu- 
lated from drinking water intake, was between 25 and 
35 mg kg"1; based on previous studies in rats,21'22 it can 
be estimated that clozapine plasma levels in these 
experimental series ranged from 20 to 60 ng ml"1. Daily 
examination revealed no observable behavioral or 
neurological changes besides a slight sedation during 
the first week of treatment. Control rats received water 
adjusted with diluted acetic acid to match the pH of 
the drug solution. 

Immunohistochemistry and Western blotting 
For immunohistochemistry, rats were anesthetized 
with chloral hydrate (300 mg kg"1, i.p.) and perfused by 
transcardial perfusion with 4% paraformaldehyde. 
Brains were cut in 30-/mi thick sections with a Vibra- 
tome; one hemisphere of each brain was cut coronally, 
the other parasagittally. From the former hemispheres, 
sections were collected from +5.2 to -6.3, and from the 
latter from lateral 1.4 to lateral 4.0-4.5.23 Free-floating 
sections from control and experimental animals were 
processed as described previously24 using affinity-pur- 
ified polyclonal antibodies (0.06-0.08 ^tg ml"1) against 
GLT-1.25 Sections from control and treated animals 
were processed in parallel to minimize possible vari- 
ations. 

For immunoblotting, rats were perfused with cold 
4 mM Tris-HCl (pH 7.4) containing 0.32 M sucrose, 
1 mM EDTA, 0.5 mM phenylmethylsulphonyl fluoride 
(PMSF), and 0.5 mM N-ethylmaleimide (NEM). The 
cortical regions lying rostral to the bregma were separ- 
ated from those caudal to it. The anterior and posterior 
cortical regions of four clozapine-treated and four con- 
trol rats were separately homogenized with a glass- 
Teflon homogenizer in 10 vol of ice-cold buffer (4 mM 
Tris-HCl, pH 7.4; 0.32 M sucrose; 1 mM EDTA; and 
0.25 mM dithiothreitol). Homogenate processing, pro- 
tein concentration determination, and protein electro- 
blotting onto nitrocellulose filters (0.22 jum) probed 
with antiGLT-1 antibodies (0.025 jag ml"1) were perfor- 
med as described previously.20 Optical densities of the 
bands were determined using the 1.61 NIH Image 
analysis software. Results were normalized to GLT-1 
levels in controls prepared in parallel and loaded onto 
the same gel. Statistical significance was evaluated by 
ANOVA. 

Glutamate transport measurements 
Messenger RNA was extracted using the 
guanidinium/phenol/chloroform method27 and pur- 
ified by oligo (dT)-cellulose chromatography. Xenopus 
oocyte harvesting, injection (50 ng per 50 nl per 
oocyte), collagenase treatment and electrophysiological 
recordings were as described previously.28 L-[3H]-glut- 
amate uptake (1 /iM; specific activity 46 Ci mmol"1; 
Amersham) was measured 4-5 days after injection by 
incubating oocytes for 1 h in frog's Ringer containing 
the radioisotope, at room temperature following a pro- 
cedure described in a previous work.29 Glutamate 
transport was calculated by subtracting the total 
amount of radioactivity incorporated into oocytes from 
that measured in the presence of the glutamate trans- 
porter inhibitor L-transpyrrolidine-2,4-dicarboxylate 
(500 juM). Glutamate transport-induced currents were 
recorded 4-5 days after mRNA injection by perfusion 
with glutamate (1-10 mM) in the presence of the gluta- 
mate receptor antagonists D-2-amino-5-phosphonopen- 
tanoic acid (D-AP-5, 100 juM), 6-cyano-7-nitroquinoxa- 
line-2,3-dione (CNQX; 100/xM) and RS-a-methyl-4- 
carboxyphenylglycine (MCPG; 1 mM). All drugs were 
purchased from Tocris. 

Microdialysis and measurement of extracellular 
glutamate 
Rats were anesthetized with chloral hydrate 
(300 mg kg"1, i.p.) and placed in a stereotaxic frame for 
the implantation of a transcerebral microdialysis tube 
across the frontal cortex (coordinates for fiber in- and 
out-let: 2.2 mm from the bregma and 1.9 mm from the 
skull surface). After at least 24 h recovery, the mem- 
branes were perfused with an iso-osmotic solution (in 
mM: NaCl 155, KC1 3.0, CaCl2 2.3; pH 7.2) at a flow 
rate of 3.5 pi min-1. After a washout period of approxi- 
mately 2 h, eight fractions were collected every 10 min 
to determine the basal output. The glutamate recovered 
in the probes was approximately 45%. The membranes 
were then perfused for 10 min with a solution contain- 
ing 100 mM KC1 (with equimolar replacement of NaCl) 
and then again with the control solution to monitor the 
recovery of basal output. At the end of the experiments, 
rats were anesthetized with chloral hydrate 
(SOOmgkg"1, i.p.) and perfused transcardially with 
approximately 150 ml of 4% paraformaldehyde. Brains 
were removed and the placement of the tubing and the 
presence of extensive damage was assessed on parasag- 
ittal sections. Rats displaying: (i) incorrect placement 
of the tubing; (ii) gross histological lesions in areas sur- 
rounding the probe path, and/or (iii) no significant 
increase in basal glutamate output following perfusion 
with 100 mM KC1 were discarded from the study. 
Microdialysis samples were kept on ice during the col- 
lection period and stored at -20°C until assayed. Gluta- 
mate was measured by HPLC separation and fluoro- 
metric detection after precolumn derivatization with o- 
phthalaldehyde and ethylmercaptan, as previously 
described.30 Statistical significance was evaluated by 
performing ANOVA followed by Tukey's w test for 
multiple comparisons. 
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382 Results 
Robust GLT-1 immunoreactivity (ir) was observed in 
the gray matter of control animals in most brain regions 
(Figure 1, left column) as dense punctate structures 
(Figure 2a and b). In the cerebral cortex, it was present 
throughout the cortical mantle with a variable patchy 
pattern, more evident in the frontal cortex (Figure 1, 
left column). 

GLT-1 ir was slightly reduced in several brain 
regions after 3 weeks of clozapine treatment (Figure 1, 
second row) and more evidently in the animals treated 
for 6 weeks (Figure 1, third row). Clozapine produced 
the strongest effect after 9 weeks (Figure 1, fourth row). 
In   rats   treated   for   12   weeks,   clozapine-induced 

Control 

reduction of GLT-1 ir appeared less intense than in 
those treated for 9 weeks (Figure 1, fifth row). The loss 
of immunostaining seemed to result from an increase 
of GLT-1-poor patches (Figure 2c and d) and was most 
evident in the cerebral cortex, although the caudate- 
putamen, hippocampus and thalamus were also 
slightly affected (Figure 1). 

These data indicate that clozapine's effects on GLT- 
1 immunoreactivity are stronger in the cerebral cortex 
than in other brain regions and that they are strongest 
in the rats treated for 9 weeks. We therefore directed 
our subsequent experiments to the cerebral cortex of 
rats treated with clozapine for 9 weeks. 

The   reduction   in   GLT-1   immunoreactivity   was 

Clozapine 

Figure 1    GLT-1 is reduced in clozapine-treated rats. Parasagittal sections from control and clozapine-treated rats showing the 
time course of clozapine effects on GLT-1 immunoreactivity. Bar: 2 mm. 
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Figure 2 High magnification photomicrographs showing the remarkable reduction of GLT-1 labeling in the frontal cortex of 
rats treated for 9 weeks with clozapine (c and d) as compared to control animals (a and b). Framed regions in the top panels 
are enlarged in the corresponding bottom panels. Bar: 300 pirn for (a) and (c), 50 ptm for (b) and (d). 

383 

intense in the frontal cortex, moderate in the fronto- 
parietal somatic sensory and motor cortices and striate 
cortex (Figure 1), and from barely detectable to absent 
in the auditory, cortical-amygdaloid, cingulate and 
retrosplenial cortices (data not shown). Immunoblot- 
ting of samples from clozapine-txeated rats and from 
controls showed that the antiGLT-1 antibody recog- 
nized a protein with the molecular weight of about 
70 kDa (Figure 3a), consistent with the known molecu- 
lar weight of GLT-1.31 Since the observations on 
cortical sections suggested a stronger reduction in 
fronto-parietal regions, the cortical regions lying rostral 
to the bregma were separated from those caudal to it, 
and the two resulting blocks were defined anterior and 
posterior cortex, respectively. Densitometric analysis 
showed that GLT-1 protein levels were remarkably 
reduced in the cerebral cortex of treated rats compared 
to controls (Figure 3a and b) and that they were more 

severely affected in the anterior (rostral to the bregma; 
71.9 ±4.5%) than in the posterior (caudal to the 
bregma; 53.2 ±15.4%) cortex (Figure 3b). One way 
ANOVA analysis showed that P < 0.001 in samples 
from the anterior cortex and <0.05 in those from the 
posterior cortex. 

To obtain an indirect measure of glutamate transport 
we injected Xenopus laevis oocytes with mRNA 
extracted from the anterior cerebral cortex and we 
evaluated the amount of L-[3H]-glutamate uptake. 
These experiments showed that in all the samples 
examined glutamate transport was consistently 
reduced in oocytes injected with extracts from rats 
treated for 9 weeks as compared to control animals 
(30.6 ±8.6%; range 8.8-64%; seven rats; Figure 4). 
Statistical significance, determined by Fisher's pro- 
tected least significant difference (PLSD) following 
ANOVA, was <0.01 in two out of the seven cases stud- 
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Figure 3 Representative irnmunoblots of GLT-1 in the anterior (aCx) and posterior (pCx) cerebral cortex of clozapine-treated 
and control rats (a), and densitometric analysis of GLT-1 protein levels in irnmunoblots of clozapine-treated and control animals 
(b). Results are expressed as percentage of control (mean + SEM). **P< 0.001; *P< 0.05 (one way ANOVA). 
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Figure 4 L-[3H]-glutamate uptake into oocytes injected with 
mRNA from the anterior cortex of clozapine-treated rats is 
considerably reduced. Values are from 3-16 oocytes in each 
of the seven treated and seven control rats examined (total 
number of oocytes assayed 100). *P< 0.01; **P< 0.001 (one 
wav ANOVA; Fisher PDLS test). aCx-7-aCx-33, animal code. 

ied and <0.001 in the remaining five (Figure 4). To 
confirm these results, we also measured the currents 
generated by glutamate in Xenopus laevis oocytes 
injected with mRNA extracted from the anterior cer- 
ebral cortex of both clozapine-treated and control ani- 
mals. Electrophysiological recordings from oocytes fol- 
lowing application of glutamate (1-10 mM) in the 
presence of ionotropic and metabotropic glutamate 
receptor antagonists revealed a strong reduction in glu- 
tamate uptake currents (46.3 ±10.2%; range 16-62%; 
four rats; Figure 5a and b). Fisher PDLS test following 
one way ANOVA showed that P< 0.005. Altogether 
these results show that the efficacy of glutamate trans- 
port in rats treated with clozapine for 9 weeks is sever- 
ely reduced in the anterior cortex. 

We then used transverse microdialysis to study the 
output of glutamate from the anterior cortex of rats 
treated for 9 weeks with clozapine and of age-matched 
controls. In control rats (n = 5, 490±20g), the mean 
basal glutamate output (2.6 ±0.2 /xM) increased to 
8.1 ± 2.1 /LAM when rats were perfused with an iso- 
osmotic solution containing 100 mM KC1 and it 
returned to basal levels 20 min later (Figure 6). In cloz- 
apine-treated rats (n = 5, 501±18g), both the mean 
basal (8.1±0.7/AM) and the KCl-evoked 
(28.7 + 7.7 /JM) output of glutamate were significantly 
elevated as compared with controls (Figure 6); follow- 
ing KC1 stimulation, glutamate initially returned to the 
elevated basal values but, after approximately 30 min, 
glutamate increased again and remained elevated (at 
16.5 ± 2.8 /xM) until the end of the experiments 
(Figure 6). All differences were statistically significant 
(see legend to Figure 6). These results indicate that the 
extracellular concentrations of glutamate under basal 
and depolarizing conditions are elevated in the frontal 
cortex of rats treated with clozapine and suggest a late 
impairment of glutamate reuptake following depolariz- 
ation. 
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Figure 5 Glutamate uptake currents are strongly reduced in 
clozapine-treated rats, (a) Currents recorded, following appli- 
cation of 10 mM glutamate (plus ionotropic and metabotropic 
glutamate receptor antagonists) during the time indicated 
with a bar, show a lower amplitude in oocytes injected with 
mRNA from clozapine-treated animals (traces in the right) 
than from control animals (traces in the left), (b) Averages of 
GluT-mediated current amplitudes are reduced in clozapine- 
treated animals. Values are from 3-7 oocytes for each of the 
four treated and four control rats examined. *P< 0.005 (one 
way ANOVA; Fisher PDLS test). aCx-3-aCx-21, animal code. 

Discussion 

Clozapine is highly effective in the treatment of schizo- 
phrenic patients, but the full spectrum of its effects has 
not been detailed. Clozapine blocks several dopamine 
and serotonin receptors14,32 and facilitates NMDA 
receptor activity.33 Our results demonstrate a novel 
effect, ie, down-regulation of GLT-1 protein expression 
and increase in extracellular glutamate levels in the 
cerebral cortex. 

The temporal profile of clozapine-induced changes 
in GLT-1 cortical expression shows that they decline 
after 12 weeks of treatment. This may be related to 
adaptive changes occuring at glutamatergic synapses or 
reflect the relative reduction of clozapine levels sec- 
ondary to the physiological weight gain occuring over 
the 9 weeks of treatment and/or, most likely, to that 
induced by clozapine itself.34-37 

This study shows that the reduction in GLT-1 
expression is uneven, with the strongest reduction 
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Figure 6 Extracellular glutamate concentrations are 
increased in clozapine-treated rats, (a) Time course of the 
changes in glutamate concentrations in frontal cortex dialys- 
ates of freely moving control (black circles) and clozapine- 
treated (white circles) rats. KC1 (100 mM) was perfused for a 
10-min period ('K+' horizontal bar). The first three fractions 
following KC1 stimulation were labeled 'A' and the last four 
fractions were labeled 'B'. Each point represents the 
mean + SEM of five control or five clozapine-treated rats. All 
clozapine-treated fractions were statistically different 
(P < 0.05) vs the corresponding control time points, (b) Effects 
of chronic clozapine treatment on basal, K+-evoked and post- 
K+ glutamate output from rat frontal cortex. Bars represent the 
mean glutamate output + SEM of the eight fractions collected 
before KC1 stimulation [basal], the peak K+-evoked 
value + SEM (K+), the mean glutamate output + SEM of the 
first three fractions (labeled 'A' in (a)) collected following KC1 
stimulation [post-K+ (A)], and the mean glutamate 
output + SEM of the last four fractions (labeled 'B' in (a)) col- 
lected following KC1 stimulation [post-K+ (B)] in control and 
clozapine-treated rats. *, P<0.01 vs control of each group; 
t, P < 0.01 vs corresponding (control or clozapine) basal; +, 
P < 0.05 vs post-K+ (A) clozapine. 

being observed in the cerebral neocortex. This is con- 
sistent with the results of previous studies of cloza- 
pine's effects on glutamatergic synapses; (i) clozapine- 
induced up-regulation of GluRl and GluR2 expression 
has been demonstrated in the prefrontal cortex but not 

in the striatum;13 (ii) GLT-1 mRNAs in the striatum are 
only modestly affected by clozapine treatment;38 and 
(iii) clozapine administration increases extracellular 
Glu levels in the prefrontal cortex but not in the stria- 
tum.39 Overall, these data indicate that clozapine's 
effects on glutamatergic transmission are much 
stronger in the cerebral cortex than in other brain 
regions. In addition, clozapine effects on dopamine40,41 

and GABA42 levels and on c-fos induction43^5 are sig- 
nificantly higher in the cerebral cortex than in subcort- 
ical regions; taken together these data support the 
hypothesis that the cerebral cortex is the preferential 
site for clozapine action.46 Although we did not per- 
form a systematic analysis of GLT-1 protein reduction 
in all cortical areas, the present results document that 
the effects of clozapine are strongest in cortical regions 
located rostral to the bregma. Since clozapine-induced 
changes in AMPA receptor subunits13,47 and Glu lev- 
els39 are also more pronounced in the frontal regions, 
it is conceivable that clozapine's action on glutamat- 
ergic, as on dopaminergic and GABAergic (see above), 
transmission is more intense in the frontal neocortex. 

Given that a considerable amount of data indicate 
that some of the symptoms of schizophrenia may be 
subtended by a reduced efficacy of glutamatergic trans- 
mission1-8 (see however Moghaddam and Adams48), 
our results suggest that clozapine exerts at least partly 
its therapeutic effect by reducing glutamate transport 
and raising extracellular glutamate levels. Although 
application of data from rodents to a complex human 
disease requires caution, the present data suggest for 
the first time that glutamatergic hypofunction in 
schizophrenia may partly result from changes in GLT- 
1 expression and/or activity. 
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The heterotrhneric G proteins, G12 and G13, mediate 
signaling between G protein-coupled receptors and the 
monomeric GTPase, RhoA. One pathway for this modu- 
lation is direct stimulation by Ga13 of pll5 RhoGEF, an 
exchange factor for RhoA. The GTPase activity of both 
Ga12 and G«13 is increased by the N terminus of pll5 
Rho guanine nucleotide exchange factor (GEF). This re- 
gion has weak homology to the RGS box sequence of the 
classic regulators of G protein signaling (RGS), which 
act as GTPase-activating proteins (GAP) for Gt and Gq. 
Here, the RGS region of pll5 RhoGEF is shown to be 
distinctly different in that sequences flanking the pre- 
dicted "RGS box" region are required for both stable 
expression and GAP activity. Deletions in the N termi- 
nus of the protein eliminate GAP activity but retain 
substantial binding to Gals and activation of RhoA ex- 
change activity by Ga13. In contrast, GTRAP48, a homo- 
log of pll5 RhoGEF, bound to Ga13 but was not stimu- 
lated by the a subunit and had very poor GAP activity. 
Besides binding to the N-terminal RGS region, Ga13 also 
bound to a truncated protein consisting only of the Dbl 
homology (DH) and pleckstrin homology (PH) domains. 
However, Ga13 did not stimulate the exchange activity 
of this truncated protein. A chimeric protein, which con- 
tained the RGS region of GTRAP48 in place of the en- 
dogenous N terminus of pll5 RhoGEF, was activated by 
Ga13. These results suggest a mechanism for activation 
of the nucleotide exchange activity of pi 15 RhoGEF that 
involves direct and coordinate interaction of G«13 to 
both its RGS and DH domains. 

Heterotrimeric G proteins mediate signals from seven trans- 
membrane receptors to a wide array of effectors, including 
adenylyl cyclase, ion channels, phospholipases, and the ex- 
change factor pll5 RhoGEF (1). Every G protein is composed of 
a heterotrimer made up of a, ß, and y subunits. The four G 
protein families, Gä, Gq, Gs, and GX2, have been categorized by 
their sequence identity and the functional similarity of their a 
subunits (2, 3). The G12 family contains two members, a12 and 
a13 (4), which have been implicated in cellular transformation 
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(5), gastrulation of Drosophila melanogaster (6), vascular de- 
velopment in mice (7), and actin re-arrangement (8-10). The 
cytoskeletal changes mediated by G13 have been shown in 
several studies to require the monomeric Rho GTPases (10). 

Both the heterotrimeric G proteins and monomeric Rho GT- 
Pases utilize the same basic cycle of regulation. The inactive 
proteins contain bound GDP. Activation is facilitated by gua- 
nine nucleotide exchange factors (GEFs)1 that promote disso- 
ciation of GDP and subsequent binding of GTP to the G protein. 
GTPase-activating proteins (GAPs) return the GTPase to the 
inactive state by accelerating hydrolysis of the terminal phos- 
phate of the bound GTP (2, 3, 11). 

Members of the RGS (regulators of G protein signaling) 
family of proteins can act as GAPs for heterotrimeric G pro- 
teins (12-14). RGS proteins that have been characterized to 
date function by increasing the intrinsic rate of GTP hydrolysis 
of Ga subunits through allosteric binding (15). This mechanism 
was first worked out for RGS4, which acts upon Gaj and Gaq 

(16, 17). The smallest region capable of accelerating GTPase 
activity is called the RGS box. This domain is characterized by 
strong primary sequence identity and structural similarity 
among the four RGS family members for which structures are 
known: RGS4 (18), GAIP (19), axin/conductin (20), and RGS9 
(21). 

LARG (22), PDZ RhoGEF (23), pll5 RhoGEF (24), and 
GTRAP48 (25) are guanine nucleotide exchange factors for 
Rho; all share a highly conserved region that interacts specif- 
ically with Ga12 and/or Ga13 (22, 23, 25, 26). This region in- 
variantly lies N-terminal to the tandem Dbl homology (DH) 
(27) and Pleckstrin homology (PH) (28) domains found in all 
four proteins. Even though these N-terminal regions contain 
only weak sequence identity to a stereotypical RGS box, the 
structure of this region in pll5 RhoGEF (aa 42-252) is similar 
to the folding pattern of other RGS boxes (29). The high se- 
quence identity among these regions in the four RhoGEFs 
suggests structural identity, and this clear subfamily of RGS 
domains is subsequently referred to as the rgRGS (RhoGEF 
RGS) domain. 

The best-studied member of this group, pi 15 RhoGEF, was 
initially isolated as a protein that tightly bound the nucleotide 
free form of RhoA and increased the nucleotide exchange rate 
of RhoA (24). The rgRGS domain within the N terminus of pll5 
RhoGEF was subsequently established as a GAP for Ga12 and 

1 The abbreviations used are: GEF, guanine nucleotide exchange 
factor; LPA, lysophosphatidic acid; SIP, sphingosine 1-phosphate; DH, 
Dbl homology; PH, pleckstrin homology; GAP, GTPase-activating pro- 
tein; GST, glutathione S-transferase; Rho, Ras homology; RGS, regula- 
tors of G protein signaling; GTPyS, guanosine 5'-3-0-(thio)triphos- 
phate; CMV, cytomegalovirus; aa, amino acid(s). 
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Ga13 (26). Most interestingly, pll5 RhoGEF is also an effector 
of Ga13, which increases the activity of pi 15 RhoGEF as a 
guanine nucleotide exchange factor (GEF) for RhoA (1). Re- 
cently, GTRAP48 was found to be a GEF for RhoA that also 
binds Ga13, but the functional implications of this interaction 
are not known (25). 

In this study, the interaction of pll5 RhoGEF and GTRAP48 
with the G12 family of heterotrimeric G proteins is more pre- 
cisely denned. Deletion analysis of pll5 RhoGEF provides ev- 
idence that regions outside of the apparent classic RGS box are 
required for accelerating the GTPase activity of Ga13. A mech- 
anism for stimulation of pll5 RhoGEF by Ga13 is suggested by 
the determination of a second binding site for Ga13 in the 
tandem DH/PH domains of pll5 RhoGEF. Finally, GTRAP48 
was found to bind Ga13 and act as a weak GAP on the a 
subunit, but its nucleotide exchange activity was not stimu- 
lated by Ga13. 

MATERIALS AND METHODS 

Plasmids and Viruses for Expression of Protein—The cDNA encoding 
full-length pi 15 RhoGEF (24) was used for amplification of fragments of 
pll5 RhoGEF by the polymerase chain reaction. All fragments were 
amplified with an N-terminal EcoRI site and a C-terminal ffmdIII site 
for cloning into pCMV5-myc (provided by Melanie Cobb), pGEX-KG 
(30), and a modified pTrc D expression vector as described previously 
(31). Briefly, the intervening sequence between the hexa-histidine tag 
(HIS) and the fieoRI restriction site of pTrc C (Invitrogen) was replaced 
with the amino acids Met-Gly-Ala. Fragments were transferred via 
EcoRVXbal sites from pCMV5 into pVL1392-EE (31), which contains an 
N-terminal EE tag (EYMPME) (24). Baculoviruses were produced 
through co-transfection of SF9 cells with pVL1392-EE vectors and 
BakPak6 that was digested with Bsu3Gl (CLONTECH). The N-terminal 
DNA fragments of pll5 RhoGEF were amplified by PCR and cloned 
into pGEX-KG and pTrc D. The different pieces of pll5 RhoGEF are 
named by the primers used for their amplification. All cDNA constructs 
were sequenced to confirm correct amplification and construction. 

Expression and Purification of Proteins—AU GTRAP48 and pll5 
RhoGEF proteins were expressed via baculovirus in cultured Spodop- 
tera frugiperda (SF9) cells or in the transformed BL2KDE3) strain of 
Escherichia coli. Recombinant EE-tagged proteins were expressed in 
SF9 cells after infection with baculovirus. The expressed proteins were 
purified from lysates by affinity chromatography with anti-EE coupled 
Sepharose (BAbCO) as described elsewhere (32). N-terminal fragments 
of pll5 RhoGEF and GTRAP48 were produced in E. coli as either 
HIS-tagged fusion proteins or as chimeras with GST (glutathione S- 
transferase). GST-tagged proteins were purified by chromatography 
using glutathione-Sepharose (Amersham Biosciences, Inc.) and solution 
A (25 mM NaHEPES, pH 7.5, 1 mM dithiothreitol, 50 mM NaCl) con- 
taining the protease inhibitors (2.5 ng/ml leupeptin, 1 /ng/ml pepstatin 
A, 21 /xg/ml phenylmethylsulfonyl fluoride, 21 ng/ml iV"-p-tosyl-L-lysine 
chloromethyl ketone, 21 ng/ml tosylphenylalanyl chloromethyl ketone, 
and 21 /xg/ml W-p-tosyl-L-arginine methyl ester). HIS-tagged proteins 
were purified by isolation with Ni2+-nitrilotriacetic acid resin (Qiagen) 
in 25 mM NaHEPES, pH 7.5, 2.5 mM j3-mercaptoethanol, 50 mM NaCl, 
and the protease inhibitors. 

Ga13 was prepared as described by Singer et al (33). Prenyl RhoA was 
co-expressed with GST-tagged guanine nucleotide dissociation inhibitor 
via Baculovirus in SF9 cells (32). Lysates were prepared by freeze- 
thawing cell pellets three times in Solution A containing protease 
inhibitors. After removing particulate material by centrifugation at 
100,000 X g, the cytosol was passed over a glutathione-Sepharose 
column and eluted with the same solution containing 1% cholate to 
separate RhoA from GST-guanine nucleotide dissociation inhibitor. 
Proteins were concentrated, and cholate was removed by dilution of 
samples with solution A containing protease inhibitors and final con- 
centration via pressure filtration through an Amicon PM10 membrane. 

Antisera—Three purified protein pieces of pll5 RhoGEF were used 
to generate polyclonal antisera (31). Antisera specific for fragments 
consisting of aa 1-252, 288-637, and 760-912 are termed U2760, 
U2762, and U2764, respectively. B860, an antiserum specific for Ga13 

(33) and the antiserum specific for Ga12 (34) were described previously. 
A polyclonal antibody that specifically recognizes the myc tag (catalog 
number Sc-789) was purchased from Santa Cruz Biotechnology. 

Binding of Purified EE-tagged pll5 RhoGEF and EE-tagged Pieces 
ofpll5 RhoGEF to Ga13—Ga13 was activated by incubation with solu- 

tion B (25 mM NaHEPES, pH 7.5, 100 mM NaCl, 1 mM EDTA, 1 mM 
dithiothreitol) containing AMF (30 fat A1CL,, 5 mM MgCl2, and 10 mM 
NaF) and protease inhibitors for 10 min. Activated Ga13 (5 pmol) was 
mixed with the indicated concentrations of exchange factor, which had 
been pre-bound to anti-EE-Sepharose, and the final volume was ad- 
justed to 200 jJ with solution B and AMF if indicated. Samples were 
incubated for 1 h on a rocking platform at 4 °C. The beads were then 
pelleted in a microcentrifuge for 1 min and washed twice with solution 
B. The pll5 RhoGEF proteins and Ga13 were eluted for 15 min at room 
temperature with 50 jxl of solution B containing EE peptide (EYMPME) 
at a final concentration of 100 jig/ml. Ga13 in the supernatant was 
visualized by SDS-PAGE and by immunoblot analysis using the B860 
antibody. 

Binding of GST-tagged rgRGS Domains of pllS RhoGEF and 
GTRAP48 to Gctjg—The purified GST-tagged domains were bound to 20 
(il of glutathione-Sepharose (packed beads) and washed in solution B to 
remove unbound protein. Activated Ga13 (5 pmol, activated as described 
above) was added to the indicated amount of immobilized rgRGS do- 
main in 200 fil of solution B. After incubation on a rocking platform for 
1 h at 4 °C, the samples were washed three times with solution B. The 
beads were then boiled in SDS sample buffer, and the eluted Ga13 was 
visualized by SDS-PAGE and by immunoblot analysis using the B860 
antibody. 

Co-immunoprecipitations ofGa12 or Ga13 with myc-tagged pi 15 Rho- 
GEF or GTRAP48 Pieces—COS cells were grown to 80% confluency in 
60-mm dishes. The cells were then transfected using the FuGENE 
transfection reagent (Hoffman-LaRoche) with pCMV5-myc vectors that 
expressed the different exchange factors. Cells were also co-transfected 
with pCMV5 plasmids expressing either Ga]3 or Ga12. Transfected cells 
were incubated at 37 °C in 5% C02 for 24 h. Cells were then lysed in 
solution B containing 0.1% Triton X-100. Non-extracted material was 
removed from the lysates by centrifugation at 13,600 X g for 5 min. The 
cleared lysates were then incubated with protein G-Sepharose in solu- 
tion B for 30 min at 4 °C to remove proteins that bound nonspecifically 
to the Sepharose resin. After removal of the resin, the samples were 
added to protein G-Sepharose coupled to a monoclonal antibody di- 
rected against the myc tag and further incubated for 1 h at 4 °C on a 
rocking platform. The Sepharose beads were pelleted and washed three 
times with solution B. Proteins were eluted by boiling in SDS sample 
buffer and visualized by immunoblot analysis with specific antibodies 
against either the myc-tag, Ga12, or Ga13. 

GAP Assays for GaM—Ga13 (600 pmol) was loaded with [y-32P]GTP 
for 15 min in 300 fil of 20 mM NaHEPES, pH 8.0, 1 mM dithiothreitol, 
5 mM EDTA, 0.05% polyoxyethylene 10-laurelether, 5 jun GTP, and 50 
cpm /finol [y-32P]GTP. Samples were then rapidly gel-filtered by cen- 
trifugation at 4 °C through 2 ml of Sephadex G50 resin that was 
previously equilibrated with buffer C (50 mM NaHEPES, pH 8.0, 1 mM 
dithiothreitol, 5 mM EDTA, and 0.05% polyoxyethylene 10-laurelether) 
to remove free [y-32P]GTP and [32P]P;. Hydrolysis of GTP was initiated 
by adding 60 pmol of the treated Ga13 (about 2 pmol of loaded Ga13) to 
buffer C containing 8 mM MgS04, 1 mM GTP, and the proteins to be 
tested for GAP activity. After incubation for the indicated times at 4 °C, 
aliquots (50 p\) were quenched with 750 jul of 5% (w/v) NoritA in 50 mM 
NaH2P04. The mixtures were then centrifuged at 2000 rpm for 5 min, 
and 500 jxl of supernatant containing [32P]Pi was counted by liquid 
scintillation spectrometry. 

Binding of GTPyS to RhoA—Binding of GTPyS to 2 pM RhoA was 
assayed at 30 °C in 20 fil of solution containing 20 piM GTPyS, 
peg] QTPyS (200,000 cpm ), 50 mM NaHEPES, pH 7.5,1 mM EDTA, 50 
mM NaCl, 1 mM dithiothreitol, and 5 mM MgCl2. Ga13 was added to a 
final concentration of 100 nM after being activated for 10 min in binding 
buffer containing AMF. After mixing, assays were stopped at various 
times by the addition of 2 ml of filtration buffer (20 mM TrisCl, pH 8.0, 
25 mM MgCl2, 100 mM NaCl), and the proteins were immediately 
collected by filtration through BA-85 filters (Intermountain Scientific). 
The amount of [35S] GTPyS bound to RhoA on each dried filter was 
determined by liquid scintillation spectrometry. The apparent rates of 
guanine nucleotide exchange for RhoA were examined at three to four 
concentrations to determine the average turnover rate for each pll5 
RhoGEF piece. 

RESULTS 

Mutants of pi 15 RhoGEF and GTRAP48 were used to iden- 
tify the domains responsible for binding to Ga13, stimulation of 
RhoA exchange activity by Ga13, and acceleration of GTPase 
activity of Ga12 and Ga13. Schematic representations of these 
mutants are shown in Figs. LA and 4A. Purified proteins de- 
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FIG. 1. Constructs of pll5 RhoGEF utilized in this study. A, the 
domain structure of the full-length exchange factor and an expansion of 
the N terminus are shown at the top and bottom of the panel, respec- 
tively. The lines represent the composition of expressed constructs, and 
the specific amino acids encoded by each construct are listed at the left. 
The nomenclature in parentheses is derived from the oligomers used for 
amplification of the designated piece. B, different purified pll5 Rho- 
GEF pieces from representative preparations (see "Materials and Meth- 
ods") used for this study were separated by SDS-PAGE and stained 
with Coomassie Blue R-250 dye. 

rived from these constructs after expression via baculovirus 
infection of Sf9 cells or expression in E. coli are shown in Figs. 
LBand4B. 

Expression of the pllS RhoGEF rgRGS Domains—Stable 
expression of the N terminus of pll5 RhoGEF (aa 1-248) as a 
fusion protein with GST has been shown previously, and aa 
45-161 were predicted to form an RGS box (26). However, 
subsequent deletion mutants of this N terminus identified two 
areas outside of the predicted RGS box that were necessary for 
stable expression of protein. Because pll5 RhoGEF was suc- 
cessively deleted from the N terminus by 7 or 13 amino acids, 
the level of expression remained stable. Further deletion up to 
aa 17 or 21 resulted in fragments that did not express intact 
protein. This N-terminal region, which apparently interferes 
with protein stability, ends at or before amino acid 25, because 
a fragment of pll5 RhoGEF encoded by aa 25-252 can be 
expressed at 100-200 /xg/gram of E. coli (wet weight). The 
deletion of the first 41 amino acids resulted in a domain, pll5 
RhoGEF (aa 42-252), which was expressed at levels compara- 
ble to domains with intact N termini. 

Disruption of the region lying C-terminal to the predicted 
RGS box that lies between amino acids 161 and 252 also af- 
fected expression of protein. Protein fragments starting with aa 
1 and ending at aa 248 or 252 express extremely well in E. coli 
(3-4 mg/g of packed wet cells). However, pll5 RhoGEF (aa 
1-215) could only be expressed poorly at 30-40 /j,g/g (wet 
weight), and this was only possible in SF9 cells. Fragments of 
pll5 RhoGEF with shorter C termini, which encoded either aa 
25-190 or aa 42-170, showed little to no detectable expression 
in either bacteria or SF9 cells (data not shown). 

Binding ofpll5 RhoGEF rgRGS Mutants to Ga13—The pll5 
rgRGS fragments consisting of aa 1-252, 25-252, and 42-252 
were expressed and purified as fusion proteins with an N- 
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FIG. 2. The region encompassing the rgRGS domain of pll5 
RhoGEF binds Ga13. A, 20 pmol of pll5 rgRGS pieces, GST (aa 
1-252), GST (aa 25-252), and GST (aa 42-252), were bound to gluta- 
thione-Sepharose and incubated with 5 pmol of Ga13 either in the 
presence or absence of aluminum fluoride (A1FJ). The amount of Ga13 
bound to the immobilized pieces was visualized by immunoblot analysis 
usingthe B860 antibody (1:1000 dilution) as described under "Materials 
and Methods." B, relative binding of pll5 rgRGS (aa 1-252) and pll5 
rgRGS (aa 42-252) to Ga13. Either 20 pmol of pll5 rgRGS GST (aa 
1-252) or GST (aa 42-252) was bound to glutathione-Sepharose in the 
absence or presence of increasing amounts of HIS-tagged pll5 rgRGS 
(aa 1-252) or HIS-tagged pll5 rgRGS (aa 42-252) as indicated. The 
mixtures were then incubated with 5 pmol of Ga13 as indicated under 
"Materials and Methods." After washing, the amount of Ga13 bound to 
the immobilized GST-RGS chimeric proteins was visualized by immu- 
noblot analysis using the B860 antibody. 

terminal GST domain (Fig. 1A). All three bound preferentially 
to the activated form of Ga13 (Fig. 2A). The relative binding 
affinity of pll5 rgRGS (aa 1-252) and (aa 42-252) for Ga13 was 
then assessed by competitive binding (Fig. 2B). HIS-tagged 
pll5 rgRGS (aa 1-252) and (aa 42-252) proteins were added at 
increasing concentrations to compete with a fixed amount of 
the immobilized GST-tagged constructs for binding of Ga13. 60 
pmol of HIS-tagged pi 15 rgRGS (aa 1-252) effectively reduced 
binding of 20 pmol of immobilized GST-tagged pll5 rgRGS (aa 
1-252) to Ga13. In contrast, 60 pmol of pll5 rgRGS (aa 42-252) 
had little effect, and higher concentrations (180 and 540 pmol) 
were needed to substantially reduce binding of the Ga13 to 20 
pmol of immobilized GST-tagged pll5 rgRGS (aa 1-252). Sim- 
ilarly, HIS-tagged pi 15 rgRGS (aa 1-252) was a much more 
effective inhibitor of binding of Ga13 to immobilized GST- 
tagged pll5 rgRGS (aa 42-252) than the HIS-tagged pll5 
rgRGS (aa 42-252). Both comparisons demonstrate that pll5 
rgRGS (aa 1-252) bound to Ga13 with 5- to 10-fold greater 
avidity than the truncated rgRGS of pll5 RhoGEF (aa 42- 
252). Thus, the N-terminal residues of pll5 rgRGS are not 
necessary for binding to Ga13 but do contribute significantly to 
the affinity of this interaction. 

Definition of the Minimal pllS RhoGEF rgRGS Domain 
Required for Acceleration ofGa13 GTPase—Several N-terminal 
fragments of pll5 RhoGEF, which included aa 1-252, 6-252, 
13-252, 25-252, 42-252, and 1-215 (described in Figs. 1A and 
3A), were tested for their ability to stimulate the GTPase 
activity of Ga13. Single-turnover assays were utilized, which 
measure the release of [32P]P; upon hydrolysis of [7-32P]GTP 
that had been pre-bound to Ga13. Assays were performed as 
described by Singer et al (33), with the modifications outlined 
under "Materials and Methods." As shown previously for a GST 
fusion protein containing the first 246 amino acids of pll5 
RhoGEF (26), the pll5 rgRGS (aa 1-252) stimulated the 
GTPase activity of Ga13 as well as the full-length exchange 
factor (Fig. 3B). However, a protein with further truncation at 
its C terminus, pll5 rgRGS (aa 1-215), was a less effective 



Bi-directional Interaction of G13 and pi 15 RhoGEF 1177 

Constructs of p115 RhoGEF 
Basal 
20nMp115FL 

20 nMaa 1-252 
20 nMaa 1-215 

■^ WGS rtomology ^™ 

1-252 - 
6-252 

13-252 
26-252 
42-252 
42-912 

1-215 - 

■    Basal 
1 nMaa 1-252       T 
10 nMaa 42-252    | 

10 nM aa 6-252 
10 nMaa 13-252 

V 10 nMGST-aa 26-262 
10 nMGST-aa 1-252 * 10 nM GST-aa 42-252 
10 nM HIS-aa 1-252    a     10 nM HlS-33 42-252 

E     • Basal T    1 |iM aa 26-252 
O     1 (iM aa 1-252    V     1 \M aa 42-252 

2 3        4 5 
Minutes 

•    Basal »    10 JJM 33 26-252 
O    1 nM as 1-252   v    10 jiM aa 42-252 

Ö 12 

oi   8 
w 

S- 
■ 

(D   6 / a ■ 

DC   4 7,°-  .   V   • 

E   2 

0' 
zZ^— -—• • 

FIG. 3. Definition of the regions within pi 15 RhoGEF required 
for acceleration of the GTPase activity of Ga13. Ga13 was loaded 
with [y-32P]GTP and incubated at 4 °C with the indicated pll5 rgEGS 
domains as described under "Materials and Methods." The amount of 
[32P]Pi released from GTP was assessed at the times indicated. The 
variability in extent of P; release reflects differential loading of Ga13 
and the actual amount of Ga13-GTP added in the experiment. A, sche- 
matic representation of the pll5 rgRGS constructs used; see also Fig. 
1A. B, release of [32P]Pj due to the intrinsic hydrolysis of GTP bound to 
Ga13 (basal, closed circles) was compared with rates of release in the 
presence of 20 nM pll5 RhoGEF full-length (open circles), 20 nM pll5 
rgRGS (aa 1-252) (closed triangles), or 20 nM pll5 rgRGS (aa 1-215) 
(open triangles). C, hydrolysis of GTP bound to Ga13 either in the 
absence (basal, closed circles) or presence of the indicated pll5 rgRGS 
domains: 1 nM HIS pll5 rgRGS (aa 1-252) (open circles), 10 nM HIS 
pll5 rgRGS (aa 42-252) (closed triangles), 10 nM HIS pll5 rgRGS (aa 
6-252) (open triangles), or 10 nM HIS pll5 rgRGS (aa 13-252) (closed 
squares). D, hydrolysis of GTP bound to Ga13 either in the absence 
(basal, closed circles) or presence of 10 nM pll5 rgRGS domains: GST 
pll5 rgRGS (aa 1-252) (open circles), HIS pll5 rgRGS (aa 1-252) 
(closed triangles), GST pll5 rgRGS (aa 25-252) (open triangles), GST 
pll5 rgRGS (aa 42-252) (closed squares), or HIS pll5 rgRGS (aa 
42-252) (open squares). E, hydrolysis of GTP bound to Ga13 either in the 
absence (basal, closed circles) or presence of 1 /xM pll5 rgRGS domains: 
GST aa 25-252 (closed triangles), HIS aa 1-252 (open circles), or HIS 
42-252 (open triangles). F, the GTPase activity of Ga13 was measured 
alone (basal, closed circles) or in the presence of the indicated concen- 
trations of pll5 rgRGS domains: 1 nM HIS aa 1-252 (open circles), 10 
tiM HIS aa 42-252 (open triangles), or 10 ;u,M GST aa 25-252 (closed 
triangles). 

stimulator of the GTPase activity of Ga13. Removal of addi- 
tional C-terminal residues resulted in unstable proteins that 
had no detectable stimulation of the GTPase activity of Ga13 

(data not shown). 
The effects of N-terminal deletion are shown in Fig. 3 (C-F). 

Removal of the first 5 or 12 N-terminal amino acids, pll5 
rgRGS (aa 6-252) or pll5 rgRGS (aa 13-252), respectively, did 
not alter GAP activities toward Ga13 (Fig. 3C). Removal of the 
first 17 or 21 N-terminal amino acids did not allow expression 
of protein domains as discussed previously. P115 rgRGS (aa 
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FIG. 4. Constructs and expression of GTRAP48 and pll5 Rho- 
GEF. A, constructs derived from GTRAP48 and pll5 RhoGEF are 
shown. The amino acids encoded in each construct are also listed. 
Nomenclature in parentheses is based on the oligomers used in their 
construction. B, representative preparations of purified proteins that 
were derived from GTRAP48 and pll5 RhoGEF (see "Materials and 
Methods") and used in this study were separated by SDS-PAGE and 
stained with Coomassie Blue R-250 dye. 

25-252) was expressed modestly as a viable domain. Although 
an active GAP, the potency of this construct was only about 
0.1% that of the full-length rgRGS domain encoded within aa 
1-252 (Fig. 3, D-F). Finally, deletion of the N terminus up to 
the predicted RGS box, pi 15 RhoGEF (aa 42-252), produced a 
fragment that expressed well (see above). Despite binding 
strongly to Ga13 (about 10-20% as well as pll5 rgRGS (aa 
1-252), see Fig. 2B), this fragment had essentially no GAP 
activity toward Ga13 (Fig. 3, C-E). The hint of activity observed 
at 10 /AM (Fig. 325) is similar to nonspecific effects of adding 
other control proteins and is not increased at higher concen- 
trations of pll5 rgRGS (aa 42-252). 

Binding ofGTRAP48 to Ga13 and Ga12—GTRAP48 has been 
shown to bind to Ga13 (25), but the functional consequences 
and potential interaction with Ga12 are unknown. The domain 
arrangements of GTRAP48 and pll5 RhoGEF are compared in 
Fig. 4A, and schematic descriptions of various constructs are 
shown. In a chimeric protein, N48C115, the N-terminal rgRGS 
region of pll5 RhoGEF is replaced with the homologous region 
from GTRAP48. Examples of purified proteins that were ex- 
pressed via these constructs with EE or GST tags are shown in 
Fig. 4B. 

The ability of GTRAP48 to bind to Ga12 as well as Ga13 was 
assessed by immunoprecipitation after transient expression in 
COS cells. COS cells were transfected with either myc-tagged 
GTRAP48 or myc-tagged pll5 RhoGEF and either constitu- 
tively active Ga13 (Q226L) or constitutively active Ga12 

(Q229L). Both pll5 RhoGEF and GTRAP48 bound to Ga13 in 
the presence of AIF4. Although pll5 RhoGEF also bound well 
to Ga12, the interaction of this a subunit with GTRAP48 is 
apparently weaker and was hard to detect (Fig. 5A, see "Dis- 
cussion"). The dependence of association of these GTPase-defi- 
cient forms of Ga12 and Goi13 on AIF4 may seem surprising. 
However, this reflects both the multiple states of the a subunits 
upon lysis of cells in GDP and slow conversion of Ga-GTP to 
Ga-GDP through slow hydrolysis or nucleotide exchange over 
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FIG. 5. Binding of GTRAP48 to Ga13 and Galz. A, myc-tagged 
GTRAP48 or pll5 RhoGEF were co-transfected into COS cells with 
either constitutively active Ga13 (Q226L) or Ga12 (Q229L). After expres- 
sion and lysis of cells, the exchange factors were immunoprecipitated 
with antibodies specific for the myc tag in the presence or absence of 
aluminum fluoride as described under "Materials and Methods." Im- 
munoprecipitates were separated by SDS-PAGE, and the relative 
amount of exchange factor was visualized by immunoblot (IB) analysis 
using an anti-myc antibody (top panel). The amount of Ga12 or Ga13 
that co-immunoprecipitated with exchange factor was visualized with 
their respective specific polyclonal antibodies (bottom panel). B, binding 
of constructs encoding the rgRGS domain of GTRAP48 to Ga13. 70 pmol 
of GST-tagged GTRAP48 (aa 289-539), GTRAP48 rgRGS (aa 289-495), 
or pll5 rgRGS (aa 1-252) were immobilized on glutathione-Sepharose 
and incubated with 50 pmol of purified Ga13 in the presence or absence 
of aluminum fluoride. The relative amount of Ga13 bound to the rgRGS 
constructs after washing the Sepharose beads is shown by immunoblot 
analysis using B860 antisera. C, the relative binding affinities of pll5 
RhoGEF, pll5 rgRGS (aa 1-252), GTRAP48, and GTRAP48 (aa 289- 
539) for Ga13 were compared by incubating increasing concentrations of 
each piece with 20 pmol of immobilized GST-tagged pll5 rgRGS (aa 
1-252) and 10 pmol of Ga13. The relative amounts of Ga13 bound to GST 
pll5 RhoGEF (aa 1-252) after washing were detected by immunoblot 
analysis using B860 antisera. 

the extensive timeframe required for the immunoprecipitation. 
To define the regions in GTRAP48 responsible for binding 

Ga13, two segments, which included sequences homologous to 
the rgRGS domain of pll5 RhoGEF, were expressed and ex- 
amined. The first segment encodes aa 1-539, which includes 
the PDZ-and proline-rich domains that precede the rgRGS 
domain (Fig. 4). The second construct encodes aa 285-495, 
which contains amino acids homologous to the N-terminal re- 
gion of pll5 RhoGEF (Fig. 4). Both constructs of GTRAP48 
were found to preferentially bind the activated form of Ga13 

(Fig. 5B). 
The relative affinities of GTRAP48, a fragment of GTRAP48 

(aa 289-539), and pll5 RhoGEF for G<*13 were assessed by 
competitive binding with immobilized GST-tagged pll5 rgRGS 
aa (1-252) (Fig. 5C). Purified full-length pll5 RhoGEF and 
HIS-tagged pll5 rgRGS (aa 1-252) effectively attenuated bind- 
ing of activated Ga13 to the immobilized pll5 rgRGS at stoi- 
chiometries of 5- to 10-fold over the immobilized domain. In 
contrast, EE-tagged GTRAP48 or its HIS-tagged rgRGS do- 
main, GTRAP48 (aa 289-539), at concentrations of 5- to 10-fold 
over the GST-tagged pll5 rgRGS (aa 1-252) showed little 
competition for binding to Ga13. Thus, although the GTRAP48 

B 
O- P115 RhoGEF aa 1-252   -V GTRAP48 aa 289-539 
-»- GTRAF48 aa 1-539 -B- GTRAP48 aa 289-495 

0       2      4       6       8      10 
Minutes 

FIG. 6. Stimulation of G«ls GTPase by GTRAP48 and its sub- 
domains. Ga13 was loaded with [y-32P]GTP, and the acceleration of its 
intrinsic GTPase activity by pi 15 RhoGEF or GTRAP48 was measured 
as described under "Materials and Methods." A, the GTPase activity of 
Ga13 was measured alone (basal, closed circles) or in the presence of 30 
nM GTRAP48 (closed triangles), 30 nM N48C115 (open triangles), or 30 
nM pll5 RhoGEF (open circles). B, the GTPase activity of Ga13 was 
measured without activators (closed circles), or in the presence of 30 nM 
pi 15 RhoGEF (aa 1-252) (open circles), 30 nM GTRAP48 (aa 1-539) 
(closed triangles), 30 nM GTRAP48 (aa 289-539) (open triangles), or 30 
nM GTRAP48 (aa 289-495) (closed squares). 

rgRGS domain bound Ga13, it did so with a definitively lower 
affinity than the pi 15 rgRGS domain. 

GTRAP48 Is a Poor GAP for Ga13—The ability of GTRAP48 
to stimulate the GTPase activity of Ga13 in a single-turnover 
assay is shown in Fig. 6A. Both GTRAP48 and N48C115 (a 
chimera derived from GTRAP48 and pll5 RhoGEF; Fig. 4A) 
displayed low but significant stimulation of the GTPase activ- 
ity of Ga13. However, their activities were substantially less 
than the stimulation obtained with an equivalent amount of 
pll5 RhoGEF. The N-terminal fragments of GTRAP48, which 
contain its rgRGS domain, failed to stimulate the GTPase 
activity of Ga13 at the concentrations tested (Fig. 65). Thus, by 
this in vitro measure, the rgRGS domain is only a poor GAP for 
Ga13 at best. This contrasts with the robust GAP activity of 
pi 15 rgRGS. 

Identification of a Second Binding Site for Ga13 within pll5 
RhoGEF—The N-terminal 248 amino acids in pll5 RhoGEF 
are known to interact with Ga12 and Ga13 and assumed to be 
important for stimulation of exchange activity by Ga13 (1, 26). 
Interestingly, fragments of pll5 RhoGEF that did not contain 
the rgRGS region, but did contain the DH and PH domains, 
also bound Ga12 and Ga13 (Fig. 7A). As expected, all pieces of 
pll5 RhoGEF that contained the rgRGS domain, pll5 wild 
type, pll5 RhoGEF (aa 1-760), and pll5 RhoGEF (aa 1-637) 
bound the activated form of Ga13 in these pull-down assays. 
Fragments representing the C-terminal tail (aa 760-912) and 
the DH domain (aa 288-637) did not bind Ga13. A fragment 
encoding the PH domain of pll5 RhoGEF (aa 637-760) also did 
not bind Ga13 (data not shown). However, a fragment of pll5 
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FIG. 7. The DH/PH domain of pll5 RhoGEF contains a second 
binding site for Ga13. A, purified EE-tagged pll5 RhoGEF and trun- 
cated pieces of pll5 RhoGEF were bound to Sepharose beads that had 
been conjugated to anti-EE antibodies. After incubation with purified 
Ga13 (5 pmol), either in the presence or absence of aluminum fluoride 
(as indicated), the beads were washed and the relative amount of Ga13 
that remained bound to immobilized pll5 RhoGEF constructs was 
determined by immunoblot (IB) with B860 antisera after separation by 
SDS-PAGE. B, COS cells were transfected with myc-tagged pll5 Rho- 
GEF pieces and Ga13 or Ga12. The exchange factors were then immu- 
noprecipitated using an antibody directed against the myc tag. The 
amount of exchange factor and any associated Ga12 or Ga13 pulled down 
were visualized by immunoblot with the respective anti-myc (top panel), 
B860 (middle panel), and anti-Ga12 (bottom panel) antibodies. 

RhoGEF that consists essentially of the DH and PH domains 
(aa 288-760), bound Ga13 almost as well as the full-length 
protein, and this binding showed a marked dependence on the 
activated state (AIF4) of Ga13. In contrast, pll5 RhoGEF (aa 
288-912), which contains the C terminus of pll5 RhoGEF as 
well as the DH and PH domains, bound Ga13 with low avidity, 
and this association was not dependent on AIF4. This could 
explain the failure to see binding of the pll5 RhoGEF (aa 
246 -912) protein to Ga13 in the previous study by Hart et al(l). 

Binding of pll5 RhoGEF pieces to Ga12 or Ga13 was also 
tested by transient co-expression in COS cells of the G protein 
and myc-tagged pll5 RhoGEF wild type, pll5 RhoGEF (aa 
288-912), pll5 RhoGEF (aa 288-760), or pll5 RhoGEF (aa 
288-637) as indicated (Fig. 75). Co-immunoprecipitations of 
the a subunits with specific myc-tagged proteins support the in 
vitro data with purified proteins. Ga13 bound to proteins that 
contained the DH and PH domains, but lacked the rgRGS 
region. The same pattern was observed with binding of Ga12. A 
weaker interaction with the Get subunits was also observed 
when the C terminus was present. In contrast to the in vitro 
measurement, there was little dependence on activation of the 
G proteins with AIF4 (Fig. IB). 

Functional Mapping of the Domains in pi 15 RhoGEF Re- 
quired for Stimulation of Exchange Activity by Ga13—The abil- 
ity of different truncated pi 15 RhoGEF proteins to effect ex- 
change of guanine nucleotide on RhoA was determined either 
in the presence or absence of Ga13 that had been activated with 
AIF4 (Table I). Average rates of turnover for stimulation of 
RhoA were determined at a fixed concentration of RhoA and at 
various concentrations of exchange factor as described under 
"Materials and Methods." All of the constructs that contained 
the rgRGS region could be stimulated by Ga13. Thus, removal 
of the first 41 N-terminal amino acids of pll5 RhoGEF in pll5 
RhoGEF (aa 42-912) (described in Fig. 1A) or of the C terminus 
in pi 15 RhoGEF (aa 1-760) did not affect activation of RhoA 

min ' -fold 
140 400 2.9 
30 150 5.0 
14 50 3.6 

3 11 3.7 
70 180 2.6 

7 7 1.0 

TABLE I 
Stimulation of truncated pi 15 RhoGEF constructs by Ga1:i 

The apparent turnover rate for each pll5 RhoGEF construct is based 
on the measured number of moles of GTP7S bound to RhoA. This was 
determined by measuring the amount of RhoA that bound [3BS]GTPyS 
over time and at multiple concentrations of exchange factor as de- 
scribed under "Materials and Methods." The rates calculated from each 
time course were plotted against the amount of exchange factor used, 
and an average apparent turnover rate was determined by linear re- 
gression analysis. The rate measurements were made either in the 
presence or absence of 200 nM Ga13, which was activated with alumi- 
num fluoride. The last column indicates the -fold activation over basal 
activity affected by Ga13. The basal rates of turnover for these proteins 
were reported previously (31). A coefficient of determination, fi2, that 
measured the degree to which the derivatives of the apparent rates fit 
a linear regression model was 0.99 or greater except for the a13-stimu- 
lated rate of pll5 RhoGEF (aa 288-760), which was 0.98. 

pll5 RhoGEF constructs      Basal rate   „^"Ä6        Activation presence 01 uccjg 

pll5 RhoGEF full-length 
pll5 RhoGEF A252-288 
pll5 RhoGEF (aa 1-760) 
pll5 RhoGEF (aa 1-637) 
pll5 RhoGEF (aa 42-912) 
pll5 RhoGEF (aa 288-760) 

exchange activity by Ga13. P115 RhoGEF (aa 1-637), which 
encodes the rgRGS domain and the DH domain but lacks the 
PH domain and C terminus, has greatly reduced basal activity, 
but this activity was still stimulated by Ga13. Removal of 32 
amino acids (aa 252-288) that lie between the rgRGS domain 
and the DH domain and have a marked effect on basal activity 
(31) also did not reduce stimulation by Ga13. In contrast, re- 
moval of the entire rgRGS domain in pll5 RhoGEF (aa 288- 
760) eliminated sensitivity to Ga13 (Table I). 

GTRAP48 is also an exchange factor with specificity for 
RhoA (25). However, Ga13 did not stimulate RhoA exchange 
mediated by GTRAP48 (Fig. 8A). To test whether the rgRGS 
domain of GTRAP48 was capable of mediating stimulation by 
Ga13, it was used to replace the native rgRGS domain of pll5 
RhoGEF (see N48C115 in Fig. 44. for details). Interestingly, the 
RhoA nucleotide exchange activity of the N48C115 chimera 
was activated 3- to 4-fold by Ga13 (Fig. 823). This indicates that 
the GTRAP48 rgRGS domain can mimic this function of the 
pll5 rgRGS domain in the context of the rest of the pll5 
RhoGEF molecule. 

DISCUSSION 

The rgRGS Domain of pi 15 RhoGEF Is Unique from the 
Classic RGS Proteins—RGS proteins were originally identified 
in genetic screens as negative regulators of G protein signaling 
(35-37). The majority of RGS proteins were subsequently 
cloned by degenerate PCR using primers based on the RGS 
boxes of these founder members (15). The lack of sequence 
identity between the RGS and rgRGS domains would explain 
why the latter proteins were not identified by strategies using 
PCR or homology searching of data bases. The elucidation of 
the N terminus of pll5 RhoGEF as a GAP for Ga12 and Ga13 

(26) led to the suggestion of potential structural relationships 
with the RGS family and initiated identification of the subfam- 
ily of highly homologous rgRGS domains in PDZ RhoGEF 
(KIAA0380) (23), LARG (KIAA0382) (22), and GTRAP48 (25). 

A region, designated the RGS box (about 110 amino acids), 
has been shown to be sufficient for the GAP activity (38) of 
several members of the RGS family, including RGS4, GAIP, 
and RGS10. The studies reported here demonstrate that this is 
not the case with the pi 15 rgRGS domain. Secondary structure 
analysis of pll5 RhoGEF suggested that amino acids 45-161 
would likely comprise an RGS box (26). Initial observations 



1180 Bi-directional Interaction of G13 and pi 15 RhoGEF 

Basal RhoA 
0.2 nMp115 RhoGEF 
0.2 nM p115 RhoGEF + 200 nM Ga-| 3 
3 nM GTRAP48 
3 nM GTRAP48 + 20D nM Ga-J3 

30    60    90  120 150 180 
Seconds 

0.1nMN48C115 
0 1 nM N48C115+ 200 nM Ga13 

60    120   180   240   300 
Seconds 

FIG. 8. Regions outside the rgRGS domain of GTRAP48 and 
pll5 RhoGEF determine specificity for activation by Ga13. A, the 
rate of exchange of GTRAP48 is not stimulated by Ga13. Binding of 
[35S]GTPyS to RhoA was measured along a 3-min time course without 
exchange factor (closed circles), with 0.2 nM pll5 RhoGEF in the ab- 
sence (open circles) or presence (closed triangles) of 200 nM Ga13 and 
AIF4, or with 10 nM GTRAP48 in either the absence (open triangles) or 
presence (closed squares) of 200 nM Gct13 and AIF4. B, the nucleotide 
exchange rate of N48C115 is stimulated by Ga13. Binding of 
[35S]GTPyS to RhoA was measured along a 5-min time course in the 
presence of 0.1 nM N48C115 and either the absence (closed circles) or 
presence (open circles) of Ga13 and AIF7. 

showed that aa 1-246 of pll5 RhoGEF possessed GAP activity 
equivalent to the full-length enzyme (26). Reduction of the 
C-terminal end of this piece by 31 amino acids, pll5 RhoGEF 
(aa 1-215), results in poor expression and reduced GAP activ- 
ity. Further truncation of C-terminal residues results in pro- 
teins that express very poorly and have no measurable GAP 
activity (data not shown). Deletion of the N-terminal 25 amino 
acids of pll5 RhoGEF reduced GAP activity over 99%. Removal 
of the N-terminal 41 amino acids still allowed expression of this 
domain but reduced binding to Ga13 by 80-90% (Fig. 25) and 
completely eliminated GAP activity (Fig. 3, C-F). Thus, an RGS 
region of pi 15 RhoGEF that retains some catalytic function 
requires —200 residues (aa 26-216); full function requires 
more. 

These data indicate significant differences between this 
rgRGS domain and the classic RGS domains. First, the rgRGS 
domain requires an extended C terminus for stability and, 
perhaps, function. This is supported by the recent elucidation 
of crystallographic structures for the rgRGS domain of pi 15 
RhoGEF (29) and the rgRGS domain of PDZ RhoGEF (39). Both 
of these rgRGS domains show similarity to the RGS box struc- 
ture (15, 19-21) in their core regions (aa 45-161 of pll5 Rho- 
GEF) but also show close association of their core regions with 
C-terminal residues that form three a-helices and fold back 
onto the core. The capability of pll5 RhoGEF (aa 42-252) to 
bind, but not act as a GAP on Ga13, offers a clear dissociation 
of these two activities. In contrast, mutational analysis of clas- 
sic RGS proteins indicates that reductions in GAP activity 
correlate much more strongly with decreases in binding avidity 
between the RGS and the targeted G protein a subunit (40). 
Because RGS4 binds and allosterically stabilizes the transition 

state of the switch 1 and switch 2 domains of Ga{, it is hypoth- 
esized that any reduction in binding energy would also reduce 
the degree of stabilization of the transitions state (15, 40, 41). 
The clear dissociation of binding and GAP activity in the pll5 
rgRGS indicates that it has a novel mechanism of accelerating 
the GTPase activity of Ga12 and Ga13. 

Comparison of the rgRGS Domains of GTRAP48 and pll5 
RhoGEF—GTRAP48, a recently characterized protein with an 
apparent rgRGS domain, was previously shown to bind Ga13 

(25). Binding of GTRAP48 to Ga13 was confirmed in the current 
studies, but binding to Ga12 was not readily detected (Fig. 5). 
GTRAP48 could act as a very poor GAP for Ga12 (data not 
shown). Thus, GTRAP48 can interact with Ga12, albeit weakly. 
The GAP activity of GTRAP48 for Ga13 was also poor and 
truncated proteins that contained its rgRGS region and could 
also bind Ga13 had little to no GAP activity (Fig. 6). Similar to 
GTRAP48, the rgRGS domain of PDZ RhoGEF also interacted 
with Ga12 and Ga13 and was a very poor GAP for Ga13.2 This 
latter phenotype contrasts with the rgRGS region of pll5 Rho- 
GEF encoded within aa 1-252, which is as good as the full- 
length pi 15 RhoGEF at activating the GTPase activity of Ga13. 
The lack of identity between the highly negatively charged 
N-terminal region of pll5 rgRGS (aa 26-41) and the matching 
region of GTRAP48 (aa 314-326) may provide one explanation 
for the observed low activity of GTRAP48. Removal of these 
amino acids eradicates the GAP activity in pi 15 RhoGEF. 
These findings then suggest that GTRAP48 is not a major GAP 
for the G12 family. Alternatively, it is possible that another 
factor, yet to be identified, provides the functional equivalent of 
the N-terminal residues (aa 26-41) in the pll5 rgRGS to effect 
stimulation of GAP activity by GTRAP48. 

The Mechanisms ofpll5 RhoGEF for GAP Activity on Ga13 

and Mediation of Rho Exchange Activity by Ga13 Are Differ- 
ent—Initial experiments indicated that the N-terminal region 
of pll5 RhoGEF, which encompasses the rgRGS domain, was 
sufficient for GAP activity (26). The inability of pll5 RhoGEF 
(aa 288-760) but not of pll5 RhoGEF (aa 1-760) to be stimu- 
lated by Gff13 indicates that the first N-terminal 288 amino 
acids of pi 15 RhoGEF (which contains the rgRGS domain) are 
important for this process. What is the role of the GAP activity 
in this regulation? The observation that removal of the N- 
terminal 41 amino acids in pll5 RhoGEF eradicates GAP 
activity, but has no effect on the ability of activated Ga13 to 
stimulate exchange activity, indicates both structural and 
functional divergence in these activities. Thus, the stimulation 
of GTPase activity has no impact on the mechanism for stim- 
ulation of exchange activity and should only impact rates of 
inactivation. 

Interactions between Ga13 and Regions Outside the rgRGS 
Domain ofpll5 RhoGEF Play a Role in Activation of Exchange 
Activity by GaI2—The abrogation of regulation upon removal of 
its rgRGS domain suggests three mechanisms by which the 
exchange activity of pll5 RhoGEF is stimulated by Ga13. One 
mechanism would utilize the interaction of Ga13 with the 
rgRGS region to alleviate an autoinhibitory action of the do- 
main on exchange activity. This is most unlikely, because trun- 
cation of this rgRGS actually caused a reduction in basal ex- 
change activity (31) rather than an increase that would be 
expected from removing an autoinhibitory constraint. The 
more rigorous characterization reported here contrasts with an 
initial observation that the activity of a pi 15 RhoGEF frag- 
ment lacking the N terminus (aa 246-912) was greater than 
that of the full-length protein. One reason for this discrepancy 
is the use of prenylated RhoA in the current studies. Preny- 

2 T. Kozasa and P. Sternweis, unpublished data. 
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lated RhoA is a much more potent substrate for pi 15 RhoGEF 
(32) than the non-prenylated GTPase used previously. P115 
RhoGEF (aa 246-912) exhibits less of an increase in activity 
toward the prenylated form of RhoA than wild type pll5 Rho- 
GEF and, therefore, is less active than pll5 RhoGEF in this 
context (data not shown). 

A second mechanism would use binding of Go13 to the rgRGS 
domain to induce an allosteric mechanism for activation by 
which the rgRGS region causes higher nucleotide exchange 
activity of the DH domain on RhoA. In a third scenario, binding 
of the rgRGS domain to Ga13 helps stabilize interaction of Ga13 

with another part of pll5 RhoGEF to promote a higher activity 
state of the DH domain. 

The discovery that Ga13 binds to a second region of pi 15 
RhoGEF outside of the rgRGS domain suggests that the third 
mechanism is most likely. Because the rgRGS domain alone 
provides the same GAP activity as the full-length protein (Fig. 
3), this second site of interaction is clearly not needed for this 
function and is more likely to play a key role in the stimulation 
of exchange activity. The location of this second site appears to 
be in the area of the DH domain. A construct composed essen- 
tially of the DH and PH domains, pll5 RhoGEF (aa 288-760), 
binds Ga13 better than to a comparable construct missing the 
PH domain, pll5 RhoGEF (aa 288-637) (Fig. 7, A and B), or to 
the PH domain alone (data no shown). However, the ability of 
Ga13 to effectively stimulate a truncated protein that contained 
the rgRGS and DH domains but lacked the PH domain, pi 15 
RhoGEF (aa 1-637), suggests that this second site of interac- 
tion is still present. The higher affinity observed when the PH 
domain is present may be due to stabilization of the DH domain 
and preservation of higher affinity for Ga13. The drastically 
reduced basal exchange activity of pll5 RhoGEF (aa 1-637) 
shown previously (31) (and in Fig. 8A) and the apparent low 
affinity of constructs lacking the PH domain for RhoA (31) are 
consistent with this interpretation. 

Although GTRAP48 has rgRGS and DH domains that are 
similar in sequence and arrangement to the corresponding 
domains in pll5 RhoGEF, Ga13 does not stimulate the ex- 
change activity of GTRAP48, in vitro. The physiological impli- 
cation of this difference is not known. It is possible that the 
interaction of Ga13 with GTRAP48 could be stimulatory in vivo 
by mediating localization of the exchange factor or that another 
factor may be required to mediate a regulatory effect of Ga13 on 
GTRAP48. Alternatively, it is possible that G13 does not regu- 
late the activity of GTRAP48 in the cellular milieu. Attempts to 
directly answer this question by overexpression of the ex- 
change factor and Ga13 have not yet yielded definitive results 
for two major reasons. Expression of GTRAP48 has been highly 
variable, especially when co-expressed with Ga13 (e.g. Fig. 5A, 
compare lanes 1 and 2 with lanes 3 and 4). Furthermore, the 
expression of Ga13 alone gives robust activation of Rho and 
downstream events. The use of alternative and better con- 
trolled expression systems may eventually allow better analy- 
sis of this putative regulation. 

The differential response of GTRAP48 and pi 15 RhoGEF to 
Ga13 may be explained by dissimilarities between the rgRGS or 
DH domains of these two exchange factors, because these do- 
mains in pll5 RhoGEF are sufficient for activation of exchange 
activity by Ga13. To address this question, the rgRGS domain of 
pll5 RhoGEF was replaced with the rgRGS domain of 
GTRAP48 to make the N48C115 chimera. The ability of this 
chimera to be stimulated by Ga13 just like wild type pll5 
RhoGEF strongly argues that the rgRGS domains of these two 

proteins are functionally equivalent when mediating activation 
of exchange activity by Ga13. Thus, differences within 
GTRAP48 and pll5 RhoGEF that lie outside the rgRGS do- 
main must explain their disparate responses to Ga13. The 
rgRGS domain of pll5 RhoGEF may, therefore, function to 
tether and/or position Ga13 so that it can directly interact with 
the DH domain of pll5 RhoGEF. Alternatively, interaction 
with the rgRGS may induce conformational changes in Ga13 

that yield an ability to stimulate exchange. 
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Inhibition of 
Cyclooxygenase-2 Protects 
Motor Neurons in an 
Organotypic Model of 
Amyotrophic Lateral 
Sclerosis 
Daniel B. Drachman, MD, 
and Jeffrey D. Rothstein, MD, PhD 

The pathogenesis of motor neuron loss in amyotrophic 
lateral sclerosis (ALS) is thought to involve both 
glutamate-mediated excitotoxicity and oxidative damage 
due to the accumulation of free radicals and other toxic 
molecules. Cyclooxygenase-2 (COX-2) may play a key 
role in these processes by producing prostaglandins, 
which trigger astrocytic glutamate release, and by induc- 
ing free radical formation. We tested the effects of 
COX-2 inhibition in an organotypic spinal cord culture 
model of ALS. The COX-2 inhibitor (SC236) provided 
significant protection against loss of spinal motor neu- 
rons in this system, suggesting that it may be useful in 
the treatment of ALS. 

Drachman DB, Rothstein JD. Inhibition of 
cyclooxygenase-2 protects motor neurons in an 

organotypic model of amyotrophic lateral 
sclerosis. Ann Neurol 2000;48:792-795 

There is increasing evidence that glutamate-mediated 

excitotoxicity plays an important role in the pathogen- 

esis of amyotrophic lateral sclerosis (ALS). ' Gluta- 

mate released by presynaptic neurons normally stimu- 

lates motor neurons, and its synaptic actions are 

rapidly terminated by specific glutamate transporters 

on astrocytic and neuronal membranes surrounding the 

synapse. Accumulation of glutamate in the synaptic 

space can exert neurotoxic effects mediated by the en- 

try of Ca2+ in motor neurons and the production of 

various toxic molecules.2 Impairment of glutamate up- 

take by the astrocytic transporters is thought to play an 

important role in the pathogenesis of ALS. ' It is now 

clear that astrocytes not only take up glutamate but 
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that they also synthesize and release substantial 

amounts of glutamate. Astrocytic glutamate release may 

be stimulated by prostaglandins via a calcium- 

dependent pathway,3' and this triggers additional glu- 

tamate release from the astrocytes by a positive feed- 

back mechanism. Prostaglandins are produced within 

the central nervous system by the enzymatic action of 

cyclooxygenase-2 (COX-2), which catalyzes the synthe- 

sis of prostaglandins from arachidonic acid. Inhibitors 

of COX can powerfully inhibit astrocytic glutamate re- 

lease.3 Thus, COX-2 inhibitors might have a therapeu- 

tic effect in ALS by inhibiting astrocytic release of 

glutamate. Furthermore, the fact that COX-2 plays 

a pivotal role in inflammatory processes in the central 

nervous system5 has led us to anticipate that its inhibi- 

tion could have additional therapeutic benefit in ALS. 

To evaluate the therapeutic effect of COX-2 inhibi- 

tion, we used an in vitro model of glutamate excito- 

toxicity.6 Mammalian spinal cord slices are maintained 

in an organotypic culture system in which the motor 

neurons normally remain intact for more than 3 

months. When astroglial transport of glutamate is in- 

hibited by threo-hydroxyaspartate (THA), however, the 

spinal cord sections exhibit persistent elevation of glu- 

tamate levels and undergo gradual loss of motor neu- 

rons. This model system has been used in the preclin- 

ical evaluation of agents of potential interest for the 

treatment of ALS.7 In the present study, we used a 

selective COX-2 inhibitor (SC236; Monsanto/Searle, 

St Louis, MO), which is homologous to celecoxib, a 

drug currently in use for the treatment of arthritis. Our 

findings show that the addition of SC236 to THA- 

treated spinal cord cultures resulted in highly signifi- 

cant protection against loss of motor neurons. 

Material and Methods 
Organotypic spinal cord cultures were prepared from lumbar 
spinal cords of 8-day-old rat pups sectioned transversely into 
350-u,m slices and cultured on Millicell CM (Millipore 
Corp, Bedford, MA) semipermeable culture inserts at 37°C 
with 5% C02 and 95% humidity. Under these conditions, 
more than 95% of cultures retain cellular organization, with 
survival of motor neurons in excess of 3 months. Culture 
media consisted of HEPES-buffered minimum essential me- 
dium (50%) with 25% heat-inactivated horse serum and 
25% Hanks' balanced salt solution supplemented with 
D-glucose (25.6 mg/ml) and glutamine (0.2 M). Seven days 
after culture preparation, THA was added to experimental 
cultures at 150 u,M, which produces excitotoxic damage to 
motor neurons within 3 to 4 weeks. SC236 was added as 
indicated to achieve final concentrations from 0 to 100 u.M. 
Parallel spinal cord cultures with no drugs added, THA 
alone, SC236 alone, and SC236 plus THA were run simul- 
taneously. Experiments at each concentration of SC236 were 
repeated three to five times. A total of 25 to 47 cultures were 
used for each treatment. The medium, with THA and 
SC236 at indicated concentrations, was changed twice a 
week. The cultures were maintained for 4 weeks and pre- 
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pared as described below for quantification of motor neu- 
rons. 

Motor neurons were identified by two immunocytochem- 
ical markers: SMI-32 stains nonphosphorylated neurofila- 
ments, which are abundant in motor neuron cell bodies, and 
Islet-1 is a motor neuron-specific marker. Cultures were 
fixed with 4% paraformaldehyde in 0.1 M phosphate buffer 
for 30 minutes and then permeabilized with cold methanol 
or 0.1% Triton X-100 for SMI-32 and Islet-1 staining, re- 
spectively. Incubation with SMI-32 antibodies (1:8,000) or 
Islet-1 antibodies (1:100) was performed overnight at 4°C. 
After incubation with biotinylated horse anti-mouse antibod- 
ies and avidin-biotin complex reagents (Vector Labs, Burlin- 
game, CA), color was developed with diaminobenzidine. 

To quantify surviving motor neurons, whole-mount cul- 
tures immunostained by SMI-32 were used. The microsco- 
pist was unaware of the treatments used. Motor neurons 
were identified by three criteria: immunostaining with SMI- 
32, size greater dian 25 fJim, and localization to the ventral 
gray region of spinal cord (Fig 1). The motor neuron count 
using SMI-32 was verified by Islet-1 staining in some cases. 

Results 
Treatment with THA produces gradual motor neuron 
toxicity attributable to excessive extracellular glutamate. 
This mimics, in part, the loss of glutamate transport 
that occurs in sporadic ALS patients. We used a con- 
centration of THA (150 IJLM) that produces motor 
neuron damage in 3 to 5 weeks. 

Fig 1. Administration of cyclooxygenase-2 (COX-2) inhibitor 
SC236 significantly protected against glutamate-mediated tox- 
icity. Spinal cord organotypic cultures were incubated with the 
glutamate transporter inhibitor threo-hydroxyaspartate (THA) 
for 4 weeks in vitro along with the COX-2 inhibitor SC236 
as indicated. THA alone produced a large loss of motor neu- 
rons. SC236protected against THA-mediated toxicity over a 
wide concentration range. **p < 0.01 when compared with 
THA-treated cultures, "p < 0.05 when compared with THA- 
treated cultures. 
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Addition of THA alone resulted in a highly signifi- 
cant loss of motor neurons compared with control un- 
treated cultures (see Figs 1 and 2). SC236 added to the 
THA-treated cultures potently and significandy pro- 
tected motor neurons against excitotoxic damage at all 
concentrations tested (see Figs 1 and 2). The apparent 
lack of dose response is unexplained but could reflect a 
plateau effect. Nevertheless, this COX-2 inhibitor pre- 
vented the excitotoxic loss of motor neurons. We also 
noted a moderate decrease of motor neurons in cultures 
treated with SC236 alone. 

Discussion 
These experiments were undertaken to test the hypoth- 
esis that inhibition of COX-2 activity could prevent 
excitotoxic motor neuron loss in an ALS-like organo- 
typic spinal cord culture model. This hypothesis was 
based on the key role of COX-2 in the production of 
prostaglandins and the demonstrated effects of prosta- 
glandins in stimulating astroglial glutamate release and 
producing inflammatory changes as well as a variety of 
toxic molecules. Our findings show that COX-2 inhi- 
bition had a highly significant protective effect on mo- 
tor neurons in this model system. 

Different forms of COX exist in two isoforms: 
COX-1, which is constitutively expressed at extremely 
low levels in the nervous system but is not inducible, 
and COX-2, which is present throughout the central 
nervous system8'9 and is highly inducible. The different 
forms of COX catalyze the rate-limiting steps in the 
synthesis of prostaglandins.8'10 COX-2 is present in 
neurons and astrocytes11'12 as well as in macrophages 
and microglia.13 COX-2 has been demonstrated in the 
anterior horns of the spinal cord1 ~17 and specifically 
in motor neurons of rat spinal cord by immunocyto- 
chemistry.14'16 COX-2 is an inducible enzyme8'11 that 
increases in the brain after synaptic activity, seizures, or 
ischemia9 and in the spinal cord after trauma to the 
cord1 or peripheral noxious stimuli such as inflamma- 
tory arthritis.15 Proinflammatory cytokines, including 
interleukin-lß, upregulate the expression of COX-2 in 
astrocytes as well as in other cells.8'11 Of particular in- 
terest, interleukin-lß is markedly elevated in spinal 
cords of a mutant superoxidase dismutase 1 93A mouse 
model of ALS and plays a role in apoptotic neuronal 
cell death in that model.18 

It is likely that the effectiveness of COX-2 inhibition 
in preventing excitotoxic motor neuron death in our 
model system is due to the interruption of multiple 
processes, which can interact in a vicious cycle to pro- 
duce progressive damage to motor neurons and astro- 
cytes. One such mechanism is the prostaglandin- 
induced release of glutamate from astrocytes and 
secondarily from neurons, which induces excitotoxic 
damage. Excitotoxicity of the released glutamate is fur- 
ther enhanced because of the decreased buffering ca- 
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7% 2. Cyclooxygenase-2 (COX-2) inhibitor SC236 protected against tbreo-hydroxyaspartate (THA)-induced chronic glutamate tox- 
icity. Organotypic spinal cord cultures were maintained for 4 weeks, and motor neurons were identified by staining neurofilaments 
with SMI-32. (A) Control culture with no THA or SC236. Labeled motor neuron cell bodies in the ventral horn are within the 
dotted circle labeled VH. (B) SC236-treated cultures (without THA). (C) THA-treated culture showing loss of motor neurons bilat- 
erally in the ventral horns and loss of motor axons. (D) Culture treated with SC236 (10 \iM) and THA showing protection of 
motor neurons. DH = dorsal horn; VH = ventral horn; arrow = motor axons. 

pacity of astrocytes due to impairment of astrocytic 
glutamate transport, actual loss of astrocytes,1 and po- 
tentiation of excitotoxic effects of glutamate by overex- 
pression of COX-2 in neurons.10 In ALS, any of the 
stimuli or inflammatory molecules noted above could 
initiate upregulation of COX-2. The process may be 
self-perpetuating, with damage and dysfunction of neu- 
rons and astrocytes spreading contiguously in widening 
areas as is commonly observed clinically in ALS. 

COX-2 inhibitors also interrupt inflammatory pro- 
cesses that result in the production of free radicals and 
other toxic molecules. Inhibition of COX-2 has been 
shown to protect against the effects of global ischemia 
or reperfusion injury in the brain and trauma to the 
spinal cord.16'19 There is a recent report that a soluble 
aspirin analog may delay the onset of motor deficits in 
mutant superoxidase dismutase 1 mice.20 

The present results suggest that COX-2 inhibition 
could have therapeutic effects in ALS by altering the 
cascade of pathogenic processes that otherwise cause re- 
lentless progression of motor neuron damage. Inhibi- 
tion of COX-2 could break the pathogenetic cycle by 
(1) preventing prostaglandin-mediated release of gluta- 
mate from astrocytes and (2) interrupting an important 
pathway that otherwise leads to the production of free 
radicals, toxic and proinflammatory molecules which 
damage neurons and glia and upregulate the activity of 
COX-2. The availability of COX-2 inhibitors that 
readily penetrate the central nervous system and are 
relatively nontoxic facilitates therapeutic trials in ani- 
mal models of ALS. 

The SC236 was supplied by Monsanto Searle, which also provided 
partial suppott for these studies. 
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Down's Syndrome Is 
Associated with Increased 
8,12-^-iPF2a-VI Levels: 
Evidence for Enhanced 
Lipid Peroxidation In Vivo 
Domenico Praticö, MD,* Luigi Iuliano, MD,t 
Giulia Amerio, MD,t Lina X. Tang, BSc,* 
Joshua Rokach, MD,§ Giuseppe Sabatino, MD,t 
and Francesco Violi MDf 

Postmortem and in vitro studies have shown that oxida- 
tive stress plays a role in the pathogenesis of many of the 
clinical features of Down's syndrome. The isoprostane 
8,12-wo-iPF2o(-VI is a specific marker of lipid peroxida- 
tion. We found elevated levels of this isoprostane in urine 
samples of subjects with Down's syndrome compared 
with those of matched controls, which correlated with the 
duration of the disease. These results suggest that in- 
creased in vivo lipid peroxidation is a prominent compo- 
nent early in the course of Down's syndrome. 

Praticö D, Iuliano L, Amerio G, Tang LX, 
Rokach J, Sabatino G, Violi F. Down's syndrome 

is associated with increased 8,12-iro-iPF2a-VI 
levels: evidence for enhanced lipid peroxidation in 

vivo. Ann Neurol 2000;48:795-798 

Caused by the triplication of chromosome 21, Down's 
syndrome (DS) is one of the most common human 
cytogenetic abnormalities.1 Those with DS suffer from 
a wide range of symptoms that are considered to occur 
through damage caused by overexpression of normal 
gene products encoded by extra gene copies present on 
this chromosome.2 Human copper/zinc-superoxide dis- 
mutase (SOD1) is one of these genes, and increased 
levels of this enzyme as a result of gene dosage have 
been shown in DS subjects.3 The increased gene dos- 
age for SOD1 has been proposed to contribute to the 
precocious dementia of Alzheimer's type and mental 
retardation that occurs as part of the syndrome.   High 
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ABSTRACT: 

The predominant neuronal glutamate transporter, EAAC1, is localized to the dendrites and 

somata of many neurons. Rare pre-synaptic localization is restricted to GABA terminals. Because 

glutamate is a precursor for GABA synthesis, we hypothesized that EAAC1 may play a role in 

regulating GABA synthesis and thus, could cause epilepsy in rats when inactivated. Reduced 

expression of EAAC1, by antisense treatment, led to behavioral abnormalities including 

staring/freezing episodes and electrographic (EEG) seizures. Extracellular hippocampal and 

thalamocortical slice recordings showed excessive excitability in antisense treated rats. Patch clamp 

recordings of miniature inhibitory postsynaptic currents (mlPSCs) conducted in CA1 pyramidal 

neurons in slices from EAAC1 antisense treated animals demonstrated a significant decrease in 

mlPSC amplitude, indicating decreased tonic inhibition. There was a 50% loss of hippocampal 

GABA levels associated with knockdown of EAAC1, and newly synthesized GABA from 

extracellular glutamate was significantly impaired by reduction of EAAC1 expression. EAAC1 may 

participate in normal GABA neurosynthesis and limbic hyperexcitability, while epilepsy can result 

from a disruption of the interaction between EAAC1 and GABA metabolism. 

Key words: EAAC1, transport, antisense, GABA, metabolism, Epilepsy 

Glutamate transport is the major mechanism controlling extracellular glutamate levels, preventing 

excitotoxicity, and averting neural damage associated with epilepsy. (McBean, Roberts, 1985; Rothstein et 

al., 1992; Rothstein et al., 1993; Robinson et al., 1993b; Robinson et al., 1993a; Rothstein et al., 1994; 

Rothstein et al., 1996; Tanaka et al., 1997) Glutamate transporters are localized to the membranes of 

synaptic terminals and astroglial processes that ensheath synaptic complexes. (Rothstein et al., 1994; 
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Rothstein et al, 1996; Conti et al., 1998; Danbolt et al., 1992; He et al., 2000; Hertz, 1979; Kanai et al., 

1993; Kanner, Schuldiner, 1987) GLAST (EAAT-1) (Storck et al, 1992; Arriza et al, 1994) and GLT-1 

(EAAT-2) (Arriza et al., 1994; Pines et al., 1992) are astroglial glutamate transporters, EAAC1 (EAAT-3) 

(Arriza et al, 1994; Kanai, Hediger, 1992; Shashidharan et al., 1994; Kanai et al, 1995; Bjoras et al., 

1996; Nakayama et al., 1996; Velaz-Faircloth et al., 1996; Eskandari et al., 2000) EAAT-4 (Fairman et al., 

1995) and EAAT-5 (Arriza et al., 1997) are neuronal proteins. Astroglial glutamate transporters are 

responsible for up at least 80% of the high affinity glutamate transport and the majority of synaptic 

inactivation. 

EAAC1 is highly concentrated in the somata and dendrites of many neurons, especially those in 

the hippocampus, striatum, cerebellum, and olfactory bulb. There is little evidence for glutamate 

transporter proteins in the pre-synaptic terminal - with one exception. EAAC1 has been localized to 

inhibitory GABAergic neurons, including cerebellar Purkinje cells (Rothstein et al., 1994),(Conti et al., 

1998; He et al., 2000; Levy et al., 1993) highly concentrated in presynaptic GABAergic terminals. 

Because of its unusual localization to GAB A terminals we hypothesized that the loss of EAAC1 could 

alter pre-synaptic GABA metabolism, perhaps by altering a precursor supply of glutamate. In this study 

we now show that EAAC1 contributes to new synthesis of inhibitory neurotransmitter GABA, and that 

loss of EAAC1 produces "staring" epilepsy. 

MATERIALS AND METHODS 

Intraventricular Antisense Administration 

All animal experiments were performed with approval by the Johns Hopkins Animal Care and Use 

Committee. Male Sprague-Dawley rats (250-350 g) were anesthetized with chloral hydrate 4% (1 ml/100 

g). Antisense oligonucleotides (ODN) were infused intraventricularly by mini-osmotic pumps as described 
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previously, including oligonucleotides to EAAC1, GLAST and GLT-1 (Rothstein et al., 1996). 

Lyophilized oligonucleotides were reconstituted in artificial cerebrospinal fluid (Rothstein et al., 1996; 

Wagner, 1994; Wahlestedt, 1994) at a concentration of 2.5 mg/ml and dialyzed (Rothstein et al., 1996) 

and then filtered (0.22 urn) prior to use. Four EEG screw electrodes were placed on the skull during the 

same procedure (1 frontal and 1 parietal on each side). Antisense and sense oligodeoxynucleotides were 

delivered at a rate of 1-10 ug/hr over a 9-12 day period. 

Video-EEG recording 

Four EEG electrodes (Plastics One, Inc. VA.) were mounted on the skull with cranioplastic cement 

during the stereotaxic placement of the cannula (one frontal and one parietal on each side, 2 and 3 mm 

from the midline skull suture, respectively). Rats underwent daily EEG recording in a chamber that 

allowed unrestrained movement while recording. Signals were recorded using Grass EEG machine model 

8-16 with amplifiers with a band pass filter set between 1 and 70 Hz. Sensitivity was set to 7 uV/mm and 

paper speed to 30 cm/sec. Two channels were recorded. Bipolar and referential recordings were 

performed while the rat was awake and mobile in the chamber. EEG was sampled for twenty minutes or 

until seizure activity occurred. If seizure activity occurred, observation was continued until five minutes 

of non-epileptiform EEG activity had been recorded. Clinical behavior was monitored by video camera 

during the EEG recording. EEG recording and interpretation was done with the recorder/interpreter 

blinded to the treatment. 

Extracellular thalamocortical and hippocampal entorhinal cortical field potential slice recording 

Four antisense EAAC1 experimental and four sense EAAC1 control rats were decapitated 10 days 

after infusion. Thirteen antisense and ten sense thalamocortical slices were recorded. Rat thalamocortical 

slices were prepared using the slice angle developed by Agmon and Connors (Agmon, Connors, 1991; 

Coulter, Lee, 1993). Connections were verified by microscopic examination of slices. Once cut and 
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visualized, slices were transferred to an incubator, where they were kept submerged in warmed (35 C) 

oxygenated medium until use. The slice medium was composed of (in mM): NaCl 130; Kcl 3; NaH2P04 

1.25; MgCl2 0; NaHC03 26; and Dextrose 10.  A separate incubator allowed pre-exposure of individual 

slices to low Mg2+ medium prior to recording. Slices were incubated for at least 1 h after dissection, and 

for 1 h or more in low Mg2+ medium before recording.  Prior to recording, slices were transferred to an 

interface type recording chamber, where they were maintained at 35°C.  Differential Ac-coupled 

extracellular recordings were conducted using 2 MQ insulated tungsten electrodes (band pass filtered at 

10-3,000 Hz). Recording was conducted from cortex in one channel and thalamus in the second channel. 

Five antisense EAAC1 experimental and three sense EAAC1 control rats were decapitated 10 days 

after infusion for hippocampal enthorinal cortex (HEC) slice experiments, and eight antisense and five 

sense slices were recorded. In brief, brain slices were prepared using previously reported methods (Rafiq 

et al., 1993). Rats were anesthetized with halothane, decapitated, and the brain quickly removed and 

chilled for 1-2 min in a modified sucrose-based artificial cerebrospinal fluid (SACSF) composed of (in 

mM): sucrose 200; KC1 3; NA2P04 1.25; MgCl2 0.9; CaCl2 2; NaHC03 26; and glucose 10 (equilibrated 

with 95% 02/ 5% C02). After a 1 minute wash in cold SACSF, the two hemispheres were dissected by 

midsagittal dissection. Hemispheres were immediately returned to oxygenated, cold SACSF until needed 

for slicing. Each hemisphere was individually blocked and sectioned in an inclined 12 transverse plane, 

modified from Jones and Heinemann (1988), with the use of a vibratome (Lancer 1000, St. Louis, MO). 

Brain slices were subsequently transferred to a holding chamber where they were kept submerged in 

artificial cerebrospinal fluid (ACSF) containing in mM: NaCl 130; KC1 3; NA2P04 1.25; MgCl2 0.9; 

CaCl2 2; NaHC03 26; and glucose 10, warmed to 32° C and vigorously bubbled with 95% 02/ 5% C02 for 

a period of 1-2 h.   Prior to recording, slices were transferred to an interface-type recording chamber, 

where they were perfused with 35°C ACSF at 1-1.5 ml/min. for extracellular recording experiments. 
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Extracellular field potential recordings were made with the use of insulated tungsten electrodes, placed in 

the pyramidal cell body layers of area CA1, Ca3 and the dentate gyrus of each slice. (Coulter, Lee, 1993; 

Rafiq et al., 1993; Jones, Heinemann, 1988). All slice recordings and interpretation was done with the 

recorder/interpreter blinded to the treatment. 

Quantification of excitability 

EEG and hippocampal slice recordings were analyzed by manually counting spikes (Daly 

and Pedley 1990) during the whole record for each rat and slice on the 10th treatment day. Spike count in 

the EEG recordings of all EAAC1 antisense-treated rats were compared to spike count in the EEG 

recordings of three controls: sense-EAACl, GLT-1 antisense and GLAST antisense treated rats. The 

average number of spikes per minute in each group was compared [ANOVA followed by Fisher's 

Projected Least Significant Difference (PLSD) for spikes/min.]. All the spontaneous interictal spikes 

(SISs) in the hippocampal slice recordings were counted and compared between the EAAC1 antisense and 

sense EAAC1 treated rats (Student's t test). The thalamocortical slice recordings were analyzed by 

manual measurement of the duration of discharges in seconds and calculating the average duration of 

discharges (seconds discharge per minute recording) in each slice, then comparing the averages of EAAC1 

antisense and sense EAAC1 treated rats (Student's t test). 

Patch recording in brain slices 

Male Sprague-Dawley rats were used in all experiments. Recordings were obtained from visually 

identified pyramidal neurons in stratum pyramidale of area CA1 of the rat hippocampus. For the purpose 

of this study animals were divided into four groups: EAAC1 antisense treated rats, controls (sense treated 

rats and naive rat controls), and GLAST antisense treated rats. Brain slices were prepared using 

previously reported methods (Rafiq et al., 1993). In brief, rats were anesthetized with halothane, 

decapitated, and the brain quickly removed and chilled for 1-2 min in a modified sucrose-based artificial 
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cerebrospinal fluid (aCSF) composed of (in mM): sucrose, 201; KC1, 3.2; NaHP04, 1.25; MgCl2, 2; 

CaCl2, 2; NaHC03, 26; and glucose, 10 (equilibrated with 95% 02/ 5% C02 at 32.5°C). The brain was 

glued, frontal side down, to a glass platform with cyanoacrylate cement, and coronal whole brain slices, 

(225 uM) were sectioned using a Vibratome (Lancer 1000, St. Louis, MO). Brain slices were 

subsequently hemisected, transferred to a holding chamber, and incubated in warm (35°C) normal aCSF 

containing 126 mM NaCl substituted for sucrose, and allowed to equilibrate for at least 2 hours before 

being transferred to the recording chamber. 

Whole-cell voltage-clamp recordings were conducted at room temperature from visually identified CA1 

pyramidal neurons using infrared differential interference contrast or Hoffman modulation contrast video 

microscopy (Stuart et al., 1993; Cohen et al., 2000). Cells were voltage clamped at -60 mV and signals 

were recorded and amplified with an Axopatch ID (Axon Instruments, Foster City, CA), filtered at 2kHz , 

digitized and sampled at 44 kHz with a PCM digitizer (Neuro-Corder DR-890, Neurodata instruments, 

NY, NY) and stored on videotape for off-line analysis. Electrodes were fabricated from thick wall 

borosilicate glass (World Precision Instruments, Sarasota, FL) and pulled to a resistance between 2-6 MÜ. 

when filled with an internal solution composed of (in mM): CsCl, 135; HEPES, 10; MgCl2> 2; MgATP 4; 

pH 7.25 (CsOH) on a two stage puller (Narishige PP-83, East Meadow, NY). To isolate GABAA- 

mediated events TTX (400 nM) and the excitatory amino acid antagonists D-AP5 (50 uM) and CNQX (6 

UM) were added to the the superfusing aCSF. 

Recorded mlPSCs were reacquired using Dempster software (Strathclyde, Glasgow, UK), which collects 

events using a manually controlled threshold detector, and is capable of detecting events as small as 2-3X 

the baseline noise. To attempt to minimize cases of inadequate space clamp, neurons were used for 

analysis only when series resistance (Rs) was less than 20 MQ, and at least 80% series resistance 

compensation was achieved. Rs was checked frequently throughout experiments, and neurons in which 
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Rs increased > 20% were discarded.   The kinetics of mlPSCs i.e., amplitude, rise and decay times were 

analyzed using cumulative probability histograms. mlPSC frequency was determined using Mini Analysis 

software (Synaptosoft Inc., Leonia, NJ). Reagents were purchased from the following vendors: all salts 

and diazepam from Sigma (St Louis, MO); D-2-amino-5-phosphonopentanoic acid (AP5), 6-cyano-7- 

nitroquinoxaline-2,3-dione (CNQX) from Research Biochemicals International (Natick, MA); 

tetrodotoxin (TTX) from Calbiochem (La Jolla, CA). All drugs were made as stock solutions, and then 

diluted to their final concentration in the bathing medium. Statistical significance between cumulative 

probability distributions in control and drug conditions in individual neurons was assessed at the p < 0.05 

confidence level using the Kolmogorov-Smirnov non-parametric statistical test. Two-tailed unpaired 

Student's t-tests were performed to determine statistical significance at the p < 0.05 confidence level when 

comparing different treatment groups. All mlPSCs recordings and interpretation was done with the 

recorder/interpreter blinded to the treatment. 

GABA Levels 

Dissected brain regions were homogenized in 0.1 N perchloric acid. After thiol derivatization, 

levels of GABA were determined using high performance liquid chromatography (HPLC) (0.18 M sodium 

acetate/ 41% acetonitrile buffer (pH 5.0) mobile phase at a flow rate of 2.5 ml/min) employing a 5 nm 

reverse phase column (ODS Biocal, BioRad) coupled with electrochemical detection (BioAnalytical 

Systems). Retention time for GABA was approximately 6.5 minutes as confirmed with [14C] GABA 

standard. Tissue protein levels were determined by a Coomassie blue assay. Levels of total GABA are 

expressed as nmol/mg protein. 

GABA Metabolism 

Supernatants (30uL) from [14C] glutamate uptake experiments were mixed with 0.1N perchloric 

acid (165 |aL), 5 uL 5-aminovaleric acid (45 uM solution in 0.1N perchloric acid) and 800 uL of "working 
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reagent" (opthaldialdehyde-OPA solution) and the solution was incubated at room temperature for 6 

minutes. The working reagent was prepared by dissolving 67.1 mg of opthaldialdehyde (OPA) in 50 ml 

methanol, 56 uL of t-butylthiol (TBT), 15 ml of 1 M carbonate buffer (pH 9.6) and the mixture was 

brought to a final volume of 100 ml with about 30 ml water. Exactly 6 min after the addition of the OPA 

solution to the sample, 50 uL of the derivatized sample was analyzed by HPLC. Authentic GAB A 

standards allowed quantification of total GAB A levels in the samples. Fractions of each sample were 

collected (30 sec/fraction) and 300 uL aliquots were mixed with 3 ml of scintillation cocktail and [ C] 

activity was analyzed by liquid scintillation spectroscopy (Wallac). Specific activity of [14C]GABA was 

calculated for each sample. Protein was measured according to the method of Lowry et al with bovine 

serum albumin as standard. [14C] GABA specific activities were compared in antisense and sense treated 

samples, in experiments of naive rats with and without DL-threo-ß-hydroxy-aspartic acid (THA) and in 

experiments of naive rats treated with 6-Diazo-5-oxo-L-norleucine (DON), dihydrokainate (DHK) at times 

T=0 and T=30min. 

Tissue preparation and C14 glutamate uptake 

Antisense and sense treated rats were decapitated 10 days after antisense infusion and brains were 

rapidly removed, placed into chilled, oxygenated (95% 02/5% C02) Krebs-Ringer bicarbonate (KRB) 

Buffer (119 mM NaCl, 4.8 mM KC1, 1.7 mM CaCl2, 1.2 mM MgCl2, 1.2 mM KH2P04, 23.8 mM 

NaHC03, 5.5 mM glucose, pH 7.4)50. After 30 seconds the brain was placed on a chilled aluminum block 

(4°C) and hippocampus and thalamus were dissected from 1 mm coronal sections, followed by slicing into 

0.25 mm prisms (Mcllwain tissue chopper, Brinkman Instr.). Prisms were suspended in chilled fresh KRB 

buffer in microvials (Eppendorf) on ice. DON, an inhibitor of phosphate-activated glutaminase (Sigma) 

was added to the microvial to a final concentration of 10 mM. The microvials containing antisense and 

sense (control) treated hippocampi and thalami were incubated with shaking at 37°C for 15 minutes. The 
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vials were then centrifuged (500 RPM, 5 minutes) and DON was washed out using the chilled KRB 

buffer. In some experiments, after washing out DON, THA was added to hippocampal prisms in the 

microvials to a final concentration of 1 mM. The vials were incubated for 15 minutes in 37°C and the 

reaction was stopped on ice. While on ice in chilled fresh KRB oxygenated buffer, glutamate (20 uM 

final), [14C]glutamate ( ~1 (uCi) and DL-gabaculline (20 |jM final) were added and incubated at 37°C for 

30 minutes (Behar, Boehm, 1994; Sibson et al., 1998). The reaction was terminated by chilling on ice and 

adding 0.4 N perchloric acid. Some tissue was reserved for the HPLC assay of GABA. The tissue was 

homogenized, frozen and thawed at 37°C twice to break the cell membranes and the homogenate was 

centrifuged at 14,000 RPM for 20 minutes at 4°C. The remaining pellet was dissolved in 200 uL of 1 N 

NaOH for protein assay. The supernatant fraction was filtered through 0.45 um pore syringe filter and 

stored in -70°C until GABA analysis. 

Immunoblots 

Antisense and sense treated rats were decapitated after 10 days of intraventricular treatment and 

the brains were rapidly removed and placed on a chilled aluminum block (4°C). Coronal sections of brain 

were sliced at 1-2 mm intervals from the occipital pole to the olfactory bulbs. Immunoblots of the tissue 

homogenates were prepared with affinity- purified polyclonal oligopeptide antibodies to EAAC1 as 

described previously (Rothstein et al., 1994; Rothstein et al., 1996) 

RESULTS 

Antisense Knockdown of EAAC1 

Previous studies had demonstrated reliable and specific knockdown of EAAC1 expression 

following chronic intraventricular administration of antisense (AS) oligonucleotides (Rothstein et al., 

1996). By 8-10 days after administration of EAAC1 antisense oligonucleotides, expression of EAAC1 

10 
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was reduced by more than 60% (Fig. la). Sense oligonucleotides (Fig.la) had no effect on EAAC1 

expression, neither did random oligonucleotides, or antisense to other glutamate transporters - GLT-1 or 

GLAST (Rothstein et al., 1996). Loss of EAAC1 leads to a small loss in total tissue glutamate transporter 

activity. (Rothstein et al., 1996) 

Subacute Loss of EAAC1 Leads to Epilepsy: Video-EEG recording: 

To evaluate the epileptogenicity of EAAC1 antisense (AS) treatment, EEG and video were 

recorded in awake and ambulating rats (n=32). Up to four days after oligonucleotide treatment, no 

differences in behavior or the EEG patterns were noted between the study group and the control 

treatments (EAAC1 sense, GLAST antisense-treated and GLT-1 antisense-treated). The EEG consisted of 

a normal mixture of frequencies without spikes (Fig. 1 b, e; GLT and GLAST antisense controls were not 

different from untreated or sense treated animals, not shown). Beginning on the fourth day following 

EAAC1 antisense infusion, brief staring episodes and "freezing" like postures were observed, that were 

not seen in EAAC1 sense controls, or in GLAST antisense-treated and GLT-1 antisense-treated animals. 

The GLT-1 and GLAST antisense-treated animals showed some motor slowing, but no staring/freezing 

episodes. The behavioral episodes of the EAAC1 antisense treated rats correlated with EEG changes, 

marked by brief runs of rhythmic spikes, again not seen in the controls (Fig.lc,f: GLT-1 and GLAST 

antisense controls were not different, not shown). These behavioral manifestations deteriorated daily, 

coupled with worsening EEG. The tenth day of infusion (a time point corresponding to a maximal 70%- 

90% loss of EAAC1 protein) (Rothstein et al., 1996), the behavioral changes consisted of prolonged 

freezing and staring episodes with occasional tonic posturing of the forepaws. The EAAC1 sense control 

rats did not show behavioral changes and the GLT-1 and GLAST antisense controls manifested severe 

motor weakness without posturing, freezing, or staring episodes. Corresponding to the long staring and 

freezing episodes (as recorded by simultaneous video EEG recording), the EEG recording showed 

11 
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prolonged runs of 4-6 per second spikes and spike and wave complexes, along with slowing and reduced 

fast activity of the background. No epileptiform EEG changes were recorded in the controls. In two out 

of seven GLT-1 antisense controls there were a few spikes, but no runs of spikes, rhythmic spikes, or 

spike and wave complexes were seen. (Fig.ld,g: GLT-1 and GLAST antisense controls were not different, 

not shown). The mean number of spikes per minute in the EAAC1 antisense-treated group (12.03, n=6) 

was significantly higher then the mean number of spikes per minute in the three other control group: 

sense- EAAC1 (0.98, n=5) antisense GLT-1 (2.99, n=6) and antisense GLAST (0.57, n=4). (Fig. lh, 

ANOVA p=0.034). Fisher's PLSD for spikes/min. showed a significant difference between the study 

group antisense EAAC1 and each of the control groups: sense EAAC1 (p=0.0016), antisense GLT-1 

(p=0.0051) and antisense GLAST (p=0.0020) without a difference among the different control groups. 

This finding implies significant and specific epileptiform activity associated with EAAC1 antisense 

treatment. 

Extracellular thalamocortical field potential slice recording: 

To explore the physiological basis of EAAC1 antisense oligonucleotide epileptogenesis, 

extracellular slice recording and intracellular recording were used to test the hypothesis that 

hyperexcitation associated with the EAAC1 antisense treatment was due to decreased inhibition. 

Extracellular field potentials from thalamocortical and hippocampal slices of rat brains, relevant to both 

absence and partial complex seizures respectively, were recorded in study animals and controls. 

Extracellular thalamocortical slice recordings showed excessive excitability from the EAAC1 

antisense rats as compared to sense-treated controls. Recordings from thalamocortical slices, in the study 

group showed prolonged runs of spontaneous bursts of spike discharges (as displayed from the thalamic 

channel) (Fig. 2a), which at close scrutiny showed 6-7/second spike and slow wave complexes (not 

shown).   Because of the use of magnesium free-medium, these runs were occasionally present in sense 

12 
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control slices, but were much less frequent and very short in duration. Typical control thalamocortical 

slices showed occasional brief spontaneous bursting spike discharges (Fig. 2b). Quantitative analysis 

comparing the mean duration of these spike discharges (seconds discharges per minute recording) in the 

thalamocortical slices of antisense-treated rats (8.1, n=13) to slices of sense controls (2.8, n=10) showed 

significant hyperexcitability of the study group (p= 0.013, Fig. 2c). 

Extracellular hippocampal-entorhinal cortical (HEC) slice recording 

Extracellular hippocampal slice recordings showed increased excitability from EAAC1 antisense 

rats as compared to sense controls. The typical recording of HEC slices in the EAAC1 antisense group 

showed very frequent spontaneous interictal spikes (Fig. 2d), whereas in recordings of EAAC1 sense- 

treated rats such spikes were found much less frequently (Fig. 2e). The mean number of spikes per minute 

in all the HEC slices recorded in antisense-treated rats (14.6, n=5) was increased compared to sense- 

treated controls, (1.66, n=3) but the difference was not statistically significant (p= 0.16, Fig. 2f). There 

was a strong correlation between the mean number of spikes per minute in hippocampal slices and the 

mean number of spikes per minute on EEG (r= 0.97, p<0.0001 data not shown). 

Whole-cell visualized slice patch recording 

The limbic hyperexcitability observed in extracellular recording in HEC slices from EAAC1 

antisense treated animals (see above) suggests that the reduction of functional levels of EAAC1 

transporter protein may promote seizure generation by a decrease of releasable GAB A. In order to test 

this hypothesis directly, miniature inhibitory postsynaptic currents (mlPSCs), which are mediated by the 

spontaneous release of single GAB A quanta, in hippocampal area CA1 in EAAC1 antisense-treated, 

EAAC1 sense-treated, GLAST antisense-treated, and naive animals, were recorded. GLT-1 antisense 

oligonucleotide treated animals were not utilized in this analysis because the hippocampus was severely 

damaged by this treatment (Rothstein et al, 1996). The median mlPSC amplitude recorded in CA1 

13 
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pyramidal neurons from EAAC1 antisense oligonucleotide-treated animals (n=10; number of events = 

2486) was significantly smaller (-29.8±3 pA, p<0.05 unpaired t-test) than that recorded in EAAC1 sense 

oligonucleotide-treated (-39.4±2 pA, n=5; number of events = 1023), GLAST antisense oligonucleotide- 

treated (-38.5±2 pA, n=6; number of events = 1140) and naive (-37.1Ü, n=3; number of events = 879) 

controls (Fig. 3al-a3, bl and cl). The 90% decay time (T90) was significantly faster in the EAAC1 

antisense-treated group compared to both GLAST antisense and EAAC1 sense groups (Fig 3b2 and c2). 

However, caution should be used in interpretation of this result because the 50% decay times (T50) were 

not significant between the three groups (T50 = 8.97±2; 10.13±2; 10.5±1 for EAAC1 antisense, EAAC1 

sense- and GLAST antisense-treated respectively). The current measured corresponding to the T90 decay 

time is very close to our limit of detection. Due to our lack of confidence in the T90 decay time 

measurement, we calculated the weighted decay taus for EAAC1 antisense, sense and GLAST antisense- 

treated groups. The weighted decay taus were calculated by dividing the area of the events by their peak 

amplitudes, and the median values were compared. In similar fashion to the T90 decay time data, we 

found that the EAAC1 antisense-treated group decayed significantly faster (p < 0.05) than both EAAC1 

sense- and GLAST antisense-treated groups. The median weighted taus were 12.75 ± 1.9 (n=10); 15.25 ± 

1.0 (n=5), and 16.83 ± 3.1 (n=6) for EAAC1 antisense, EAAC1 sense- and GLAST antisense-treated 

groups respectively. Miniature IPSC mean frequency was similar in all three groups recorded (3.2 +/- 2.1 

Hz for GLAST antisense, 3.44 +/- 1.7 Hz for EAAC1 sense and 3.8 +/- 1.1 Hz for EAAC1 antisense). 

Regional brain GABA 

Because of the decreased inhibition demonstrated by the voltage-clamp recording studies described 

above, total GABA was measured in the hippocampus and thalamus of antisense-treated animals 

compared to sense controls, and also in other brain regions, close and far from the intraventricular 

oligonucleotide infusion.(Rothstein et al., 1994)    HPLC analysis of selected brain regions indicated that 

14 
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GABA levels were decreased 50% (p< 0.05) in the hippocampus and mildly decreased (non-significantly) 

in the thalamus of EAAC1 antisense but not in controls (sense n=4 and AS n=7, Fig. 4a). 

New [14C] GABA metabolism in normal rats 

To determine if changes in GABA reflect a coupling of EAAC1-mediated glutamate transport and 

GABA metabolism, new synthesis of GABA in EAAC1 antisense treated rats was measured using [U-14C] 

glutamate in the presence of selective enzyme inhibitors to block glutamate repletion from astrocytic 

glutamine and GABA catabolism. New glutamate synthesis from astrocytic glutamine was blocked with 

the glutaminase inhibitor, DON and GABA catabolism was prevented by Gabaculine, a potent and 

irreversible inhibitor of GABA transaminase. Application of the GABA-transaminase inhibitor permitted 

the experiments to be conducted under conditions of net GABA synthesis. In order to test whether any 

potential GABA labeling from 14C-glutamate was transporter-dependent in the control hippocampal tissue, 

and because no specific pharmacological inhibitor of EAAC1 currently exists, it was necessary to use the 

non-specific glutamate transport inhibitor, THA. 

Newly synthesized [14C] GABA from [U-14C] glutamate in hippocampal tissue from normal rats 

incubated in the presence of DON and gabaculine was significantly lower (specific activity 2.225, n=3 vs. 

6.072, n=6, p= 0.003) in the presence of THA (Fig. 4b), suggesting that GABA synthesis is dependent on 

glutamate transport. To test the effect of DON alone on GABA synthesis, DON was added to 

hippocampal tissue acquired from normal rats at time 0 (without adding glutamate) and this was compared 

to DON which was added to other hippocampal tissue from control rats at time 0 and was followed by 

addition and incubation with cold and 14C-glutamate and gabaculine for 30 minutes. Newly synthesized 

14C-GABA is reflected by the difference in 14C-GABA specific activity between the tissue with added 

glutamate compared to the tissue with no added glutamate and there was a nonsignificant difference 

(increment from specific activity 0.2733, n=6 to 0.3967, n=6, p= 0.19, Fig. 4c). This difference could be 

15 
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explained by new GAB A synthesis from glutamate taken up into synaptic terminals by EAAC1. 

Alternatively, the enzymatic inhibition of glutaminase, by DON, may have been incomplete and the 

difference could be explained by astroglial glutamine supply. That is, 14C-glutamate may have been 

transported into astrocytes, by the astroglial transporter GLT-1, then converted to 14C-glutamine, and 

shuttled to the GAB A neuron. However, when DHK, a specific and potent blocker of GLT-1 in addition 

to DON were added to hippocampal tissue from control rats at time 0 (without adding glutamate) and this 

was compared to DHK and DON which were added to other hippocampal tissue from normal rats at time 

0 and was followed by addition and incubation with cold and 14C-glutamate and gabaculine for 30 

minutes, there was a significant difference (increment from specific activity 0.172, n=ll to 0.338, n=ll, 

p= 0.01). Newly synthesized 14C-GABA is reflected by the difference in 14C-GABA specific activity 

between the tissue with added glutamate compared to the tissue with no added glutamate and there was a 

significant difference, i.e increased GABA labeling this time (Fig. 4d). 

The opposite result, i.e., decreased GABA labeling, would be expected if GABA was labeled from 

glutamine synthesized from [14C]glutamate uptake by astroglia, due to DHK blockade of this uptake. 

Thus, increased GABA labeling following application of DHK suggests that inhibition of the astroglial 

transporter led to an increase in extracellular glutamate with more now available for transport through 

EAAC1 and GABA synthesis. This suggests that EAAC1 is important for GABA synthesis in normal 

rats. 

New [14C] GABA metabolism in antisense treated rats and sense controls: 

To more fully evaluate the role of EAAC1-mediated transport in GABA metabolism, new GABA 

synthesis was measured in hippocampal slices prepared from EAAC1 sense and antisense treated rats in 

the presence of DON and Gabaculine. [14C] GABA specific activity in hippocampal tissue of antisense- 

treated rats was significantly lower (1.65, n=7) compared to sense controls (4.03, n=6, p=0.017, Fig. 5a). 
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The newly formed [14C] GABA over the 30 min incubation period was increased non significantly in the 

antisense-treated {from 1.85 to 2.66 nmol/mg protein (x 10"5), n=6, Fig. 5c}, compared to significant 

increase {from 1.51 to 5.4 nmol/mg protein (x 10"5), n=6, p=0.02, Fig. 5b} in the sense-treated tissue. 

Furthermore, the rate of [14C] GABA synthesis was about five times slower {0.027 nmol/mg protein 

(x 10"5 )/minute, n=6}in the antisense compared with the rate of synthesis in the EAAC1 sense treated 

tissue {0.13 nmol/mg protein(x 10"5 )/minute, n=6, Fig. 5d}. 

DISCUSSION 

Together, these in vivo and in vitro studies demonstrate that EAAC1 antisense treated rats develop 

epilepsy and limbic hyperexcitability, and that this hyperexcitability may be due, in part, to a reduction in 

new GABA synthesis in the hippocampus. These studies also suggest that glutamate transporters in 

general, and EAAC1 specifically, have a role in synthesis of new GABA in the hippocampus of normal 

naive rats. 

The EEG and behavioral monitoring have shown that EAAC1 antisense treated rats develop 

behavioral changes manifested as staring/freezing episodes, which occur simultaneously with EEG 

epileptiform changes. These changes are specific and maximal at the time of maximal EAAC1 

knockdown. The phenotype of the rats in this study differs from the EAAC1 deficient mice reported by 

Peghini et al.(Peghini et al., 1997) EAAC1 null mice have a deficit of the transporter protein during 

ontological development allowing for compensatory responses, whereas antisense knockdown results in 

the loss of this transporter during adulthood. Noteworthy in EAAC1 null mice was the decrease in 

locomotor activity with episodes of locomotor arrest (Peghini et al., 1997); however, simultaneous EEG 

recording to rule out seizures were not reported in their study. In the present study, extracellular field 

potential recordings from both thalamocortical and hippocampal slices of antisense treated rats showed 

hyperexcitability.    The hippocampal hyperexcitability was correlated with the EEG hyperexcitability. 
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Based on this finding, and because of the large decrease in GABA synthesis, whole-cell patch clamp 

recordings of CA1 pyramidal neurons were performed. The data suggest that EAAC1 antisense-induced 

hyperexcitability may be attributed to a decrease in mlPSC amplitude, but not mlPSC frequency, in CA1 

pyramidal neurons. 

A balance of excitation and inhibition is essential for the maintenance of normal function in the 

brain. Golan et al showed that GABA concentration determines the efficacy of inhibition (Golan et al., 

1996). In the present study a decrease in total GABA was observed in the hippocampus of antisense- 

treated rats, but not in sense controls. This decrease was not significant in other regions, although present 

in the thalamus also. Inhibiting GABA synthesis causes seizures and some of the effects of 

anticonvulsants occur through interference with enzymes associated with GABA metabolism(Petroff et 

al., 1996a; Petroff et al, 1996b). 

High affinity glutamate transporter subtypes have been found to be specifically localized to both 

neuronal and astroglial membranes. Under normal conditions, these proteins maintain low extracellular 

levels of glutamate. A series of studies suggest that the astroglial transporters, GLT1 in particular, are 

primarily responsible for the synaptic inactivation of glutamate, and from preventing excitotoxic injury 

(Bergles, Jahr, 1997; Otis, Kavanaugh, 2000; Otis, Jahr, 1998). Nevertheless, EAAC1 is the 

predominant neuronal transporter present widely throughout the CNS dendrites and somata of large and 

small pyramidal neurons. But its function in normal synaptic biology has eluded investigators. Molecular 

anatomic studies suggested that this protein was unexpectedly localized to presynaptic GABA terminals 

(Rothstein et al., 1994; Conti et al., 1998; He et al, 2000). Subsequently, preliminary antisense 

knock-down studies suggested a relationship between this protein and tissue GABA levels (Rothstein et 

al, 1996). 
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GABA is synthesized primarily from the cc-decarboxylation of glutamate by glutamate 

decarboxylase (Martin, Rimvall, 1993). An alternate pathway for GABA synthesis via putrescine has 

been described (Seiler, Al-Therib, 1974). Although the contribution of this pathway to GABA synthesis 

appears to be small in the mature rat brain (-1% of total GABA synthesis, (Noto et al., 1986), putrescine 

has been shown to be a GABA precursor in the developmentally immature retina (Yamasaki et al, 1999). 

GABA carbon, which is lost from GABAergic neurons, must be replenished from other cells because 

mature neurons do not possess the necessary enzymes for de novo synthesis. Glutamine produced in 

astrocytes is a major precursor of GABA, although few quantitative studies of the precursors of GABA in 

vivo have been reported. Neostriatal microinjections of methionine sulfoximine, an inhibitor of 

glutamine synthetase, resulted in only a -50% reduction of GABA synthesis (Paulsen et al, 1988), 

suggesting that a pathway(s) other than glutamine may also supply glutamate precursors for GABA 

synthesis in this brain region. The large decrease in GABA levels and GABA synthesis from extracellular 

14C-glutamate in the hippocampus following knockdown of EAAC1 indicate that direct transport of 

glutamate into GABAergic neurons can provide precursors for GABA synthesis. Furthermore, the 

electrophysiologic studies suggest that the loss of EAAC1 leads to decreased miniature inhibitory 

postsynaptic currents consistent with decreased presynaptic release of GABA. 

Taken together, these metabolic and electrophysiologic studies clearly document a relationship 

between the presynaptic glutamate transporter and the inhibitory transmitter GABA. In turn, these 

metabolic studies strongly suggest that the mechanism of epilepsy in the EAAC1 anti-sense knock-down 

rats is mediated by decreased GABA synthesis, and therefore, decreased CNS inhibition. The data suggest 

that in normal rat brain EAAC1 may have an important role in GABA synthesis. Recently, GTRAP3-18, 

an EAAC1 inhibitory modulator was described (Lin & Orlov et al., 2001), suggesting that under normal 

conditions EAAC1 may be modulated, perhaps to regulate presynaptic GABA synthesis.   Preliminary 
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studies also show that increased GTRAP3-18, through inhibition of EAAC1 (like antisense) produces 

epilepsy (Sepkuty et al., 2001). Overall, these studies suggest a novel interaction between excitatory 

amino acid transporters and an inhibitory amino acid neurotransmitter system. Furthermore, they raise 

new possibilities of manipulating GAB A metabolism through direct or indirect modulation of EAAC1 

(e.g. GTRAP3-18) and may provide novel therapeutic modalities for the treatment of epilepsy. 
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FIGURE LEGENDS 

Figure 1.   Antisense EAAC1 treatment leads to loss of hippocampal EAAC1 expression and epilepsy, 

a. Immunoblots from hippocampal tissue of 3 antisense treated rats (4,5,6) have reduced expression of 

EAAC1 by 60-70% as compared to the hippocampus of 3 sense controls (1,2, 3). (b,e) EEG of an awake 

ambulating adult rat 1 or 2 days after infusion of antisense (b) or sense (e). A normal mixture of 

frequencies without spikes was seen in both animals. (c,f) Recordings of the same rats (as in b and e 

respectively), on day 4 or 5. Runs of high voltage polyspike discharges for about 2.5 seconds, with return 

to baseline background EEG can be seen in the antisense-treated rat (c) but not in the sense-treated rat (f). 

(d,g) On days 9 or 10 the maximal antisense effect was seen, as prolonged continuous high voltage spikes, 

spike and wave complexes, background slowing, and decreased mixture of frequencies in the antisense 

treated rat (d) but not in the sense (g).   (h) The mean number of spikes per minute on days 9 or 10 in 

antisense EAAC1 compared to three controls: antisense GLT-1, antisense GLAST and sense EAAC1 

treated animals is significantly increased.   * ANOVA with Fisher's PLSD for mean spikes/min P< 0.005 

between the study group and each of the control groups, but not between the different controls. 
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Figure 2. Thalamocortical and hippocampal-entorhinal 

cortical (HEC) slices of EAACl antisense treated rats are 

hyperexcitable. (a,b) Thalamocortical slice field potential 

recordings showing a 10 second run of spontaneous bursting 

rhythmic spike discharges (a, + +) in antisense treated tissue, 

but not in the controls (b) where occasional spontaneous spike 

discharges were seen (b, +) (a and b are recorded at 

5mm/second paper speed), (c) The mean duration of spike 

discharges (seconds per minute) in the antisense treated 

thalamocortical slices was significantly increased compared 

to control. (d,e) HEC slice field potential recordings showing 

the occurrence of very frequent spontaneous interictal spikes 

(SISs) in the antisense treated rat slice (d, + +) and much less 

frequent SISs (e, +) in the sense treated rat slice (d and e 

recorded at 1 mm/second),   (f) Mean number of spikes per 

Antisense   Control 
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minute in the HEC slices of antisense treated rats was increased. 

a1 EAAC1S a2 EAAC1AS a3 GLAST AS 
Figure 3. The hyperexcitability of hippocampal slices 

of EAAC1 antisense treated rats may be secondary to 

decreased inhibition in CA1 pyramidal neurons, (a) 

Representative mlPSCs (average of 50) from EAAC1 

sense (al), EAAC1 antisense (a2) and GLAST 

antisense (a3) CA1 pyramidal neurons. (b) 

Cumulative frequency amplitude (bl) and T90 decay 

time (b2) histograms for neurons in (a). (c) 

Histogram of mean mlPSC amplitudes (cl) and T90 

decay times (c2) for the three populations. Asterisks denote significant differences (p < 0.05) between 

EAAC1 antisense-treated and both EAAC1 sense- and GLAST antisense-treated groups. 
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Figure 4. Total GABA is decreased significantly in 

the hippocampus (Hipp = Hippocampus), and 

nonsignificantly in the thalamus (Thai = Thalamus) 

of EAAC1 antisense treated rats, suggesting a role 

for EAAC1 in GABA synthesis in normal rats 

hippocampi, (a) Histograms of mean total GABA 
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cerebellum) comparing antisense treated rats (grey) to sense controls (black).    Antisense EAAC1 

treatment leads to a loss of hippocampal GABA significantly and thalamic GABA nonsignificantly. (b) 
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THA significantly decreases the [14C] GABA specific activity measured in hippocampal tissue of normal 

rats, (c) The addition of glutaminase inhibitor DON with glutamate to hippocampal tissue produces a non- 

significant increase in [14C] GABA specific activity, (d) Addition of DON and DHK with glutamate to 

hippocampal tissue produces a significant increase in [14C] GABA specific activity. 
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Figure 5. [14C] GABA specific activity and 

synthesis rate are reduced in EAAC1 antisense 

treated rats. 

(a) [14C] GABA specific activity after incubation 

of hippocampal tissue with [14C] glutamate is 

significantly decreased in EAAC1 antisense 

treated rats, (b) [14C] GABA is significantly 

1-14/- 

increased with 

addition of [14C] glutamate in EAAC1 sense treated animals, (c) [l"C] GABA is not increased 

significantly with added [14C] labeled glutamate in EAAC1 antisense treated animals, (d) The rate of 

[14C] GABA synthesis with added [14C] glutamate is five times faster in tissue of EAAC1 sense treated 

rats as compared to tissue of EAAC1 antisense treated rats. 
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can be upregulated by retinoic acid, which results in a specific 
reduction of EAACl-mediated glutamate transport. These studies 
show that glutamate transport proteins can be regulated potently 
and that GTRAP can modulate the transport functions ascribed to 
EAAC1. GTRAP3-18 may be important in regulating the meta- 
bolic function of EAAC1. 

Using the C-terminal intracellular domain of EAAC1 (the last 87 
amino acids) as bait in a yeast two-hybrid screen of an adult rat 
brain complementary DNA library, we isolated 78 clones displaying 
ß-galactosidase activity. Restriction and sequencing analyses 
revealed that 10 of the clones with the strongest ß-galactosidase 
activity were identical. This clone, designated E18, was completely 
sequenced and was found to be unique after GenBank analysis. JWA 
protein, (GenBank NP006398) a human, differentially displayed, 
vitamin-A-responsive gene, is 95% identical to E18, suggesting that 
E18 is a JWA protein homologue of rat. 

E18 is a full-length complementary DNA containing an initiation 
methionine and a poly(A) tail. We named the protein glutamate 
transporter EAACl-associated protein (GTRAP3-18). GTRAP3-18 
encodes a protein of 188 amino acids (see Supplementary Informa- 
tion), with a calculated relative molecular mass of 22,500 (Mr 22.5K). 
Protein analysis indicated that it is a very hydrophobic protein with 
four possible transmembrane domains. Both the C-terminal and 
amino-terminal domains contain protein kinase C motifs and may 
be intracellular. 

To confirm the yeast two-hybrid results, we examined the inter- 
action of GTRAP3-18 with EAAC1 using in vitro and in vivo 
methods. For in vitro cell-free binding, EAAC1 was expressed as a 
fusion protein with glutathione S-transferase (GST), and GTRAP3- 
18 was produced and labelled with [35S]methionine by in vitro 
transcription and translation. Purified GST or GST-EAAC1 fusion 
proteins immobilized on glutathione-sepharose were incubated 
with [35S]labelled GTRAP3-18 protein. GTRAP3-18 bound speci- 
fically to immobilized GST-EAAC1 (lane 2) but not to GST alone 
(lane 3), indicating that they interact in vitro (Fig. la). 

Modulation of the neuronal glutamate 
transporter EAAC1 by the interacting 
protein GTRAP3-18 
Chien-liang Glenn Lin", Irina Orlov*, Alicia M. Rugglero, 
Margaret Dykes-Hoberg, Andy Lee, Mandy Jackson 
& Jeffrey D. Rothstein 

Johns Hopkins University, Department of Neurology and Neuroscience, 
Meyer 6-109, 600 North Wolfe Street, Baltimore, Maryland 21287, USA 
* These authors contributed equally to this work 

Excitatory amino-acid carrier 1 (EAAC1) is a high-affinity Na+- 
dependent L-glutamate/D, L-aspartate cell-membrane transport 
protein1. It is expressed in brain as well as several non-nervous 
tissues. In brain, EAAC1 is the primary neuronal glutamate 
transporter2'3. It has a polarized distribution in cells and mainly 
functions perisynaptically to transport glutamate from the extra- 
cellular environment2"4. In the kidney it is involved in renal acidic 
amino-acid re-absorption and amino-acid metabolism5"7. Here we 
describe the identification and characterization of an EAACl- 
associated protein, GTRAP3-18. Like EAAC1, GTRAP3-18 is 
expressed in numerous tissues8,9. It localizes to the cell membrane 
and cytoplasm, and specifically interacts with carboxy-terminal 
intracellular domain of EAAC1. Increasing the expression of 
GTRAP3-18 in cells reduces EAACl-mediated glutamate trans- 
port by lowering substrate affinity. The expression of GTRAP3-18 
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Figure 1 GTRAP3-18 interacts with EAAC1 in vitro and in vivo, a, SDS-PAGE analysis of 

cell-free in vitro binding. In vitro synthesized [35S]-labelled GTRAP3-18 bound specifically to 
immobilized GST-EAAC1 and not to the negative control GST. b, Western blot analyses of 

immunoprecipitations from transfected HEK293 cells extracts, using anti-c-Myc antibodies 
for immunoprecipitation and anti-EMC1 or EAAT4 antibodies for western blot. EAAC1 

(monomer, arrowhead; dimer, arrow) was specifically co-immunoprecipitated with c-Myc- 
GTRAP3-18. An immunoprecipitation artifact is present in each lane at about 50-60K. c, 

Western blot (WB) analyses of immunoprecipitations (IP) from rat brain extracts. GTRAP3-18 

(open arrowhead) was specifically co-immunoprecipitated with EAAC1. EAAC1 (monomer, 
arrowhead; dimer, arrow) was co-immunoprecipitated with GTRAP3-18. PB, pept'de block. 
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We carried out immunoprecipitation experiments to test whether 
EAAC1 and GTRAP3-18 interact in vivo. Initial experiments were 
performed in transfected HEK293 cells using N-terminal c-Myc- 
tagged GTRAP3-18. As shown in Fig. lb, EAAC1 co-immunopre- 
cipitated with c-Myc-GTRAP3-18 in the cell extract prepared from 
co-expression cells (lane 4), but not from EAAC1 (lane 2) or c-Myc- 
GTRAP3-18 (lane 3) single-expression cells, which eliminated the 
possibility of artefacts arising from nonspecific immunobead bind- 
ing or an antibody cross-reaction, respectively. A truncated EAAC1 
lacking the interacting C-terminal domain (see below) did not co- 
immunoprecipitate with c-Myc-GTRAP3-18 (lane 5), further 
indicating an interaction between EAAC1 and GTRAP3-18. This 
interaction was specific, as EAAT4, another neuronal glutamate 
transporter subtype, was not immunoprecipitated with c-Myc- 
GTRAP3-18 (lane 6). Identical results were obtained using other cell 
lines (COS-7 and C6 glioma; data not shown). 

To study the protein interaction in vivo, we used anti-EAACl or 
GTRAP3-18 polyclonal antibodies to immunoprecipitate EAAC1 or 
GTRAP3-18 from rat brain extract. EAAC1 co-immunoprecipitated 
specifically with GTRAP3-18, but not GLAST, GLT-1 or EAAT4 
(Fig. lc). Similarly, GTRAP3-18 co-immunoprecipitated with 
EAAC1. These studies suggest that EAAC1 and GTRAP3-18 can 
interact in vivo. 

GTRAP3-18 messenger RNA was widely expressed in brain 
regions and body organs, consistent with the distribution of 
EAAC1 (Fig. 2a)8'9. Similarly, GTRAP3-18 protein was expressed 
in many neural and non-neural tissues, when examined using a 
polyclonal oligopeptide antibody to the N terminus of GTRAP3-18 
(Fig. 2b). GTRAP3-18 protein seemed to aggregate as multimers. 
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Figure 2 Tissue and cellular distribution of GTRAP3-18 protein and mRNA. a, Northern 

blot analysis of GTRAP3-18 mRNA. b, Western blot analyses of GTRAP3-18 protein. Pure 
GTRAP3-18 (~30K, arrowhead) monomer tended to form multimers including the dimer 
(arrow). Dimeric GTRAP3-18 was found in HEK293 cells transfected with GTRAP3-18 
cDNA and tissue homogenates. c, d, Immunostaining of GTRAP3-18 and EAAC1 proteins 

in rat brain, e-h, Confocal microscopy of cellular colocalization of GTRAP3-18 and 
EAAC1. In the cerebellum, GTRAP3-18 (e, green), EAAC1 (f, red) reveals prominent 
cytosolic colocalization (g, yellow), mo, molecular layer; pk, Purkinje cell layer; gr, 
granular layer. In transfected HEK293 cells (h), EAAC1 (red) tends to localize to the cell 

surface whereas GTRAP3-18 was found typically cytosolic and co-localized with EAAC1 

(yellow) at the cell membrane. 

The dimeric form of GTRAP3-18 was the predominant species in 
tissue homogenates, and it was also observed when purified 
GTRAP3-18 protein was detected using the N-terminal GTRAP3- 
18 antibody (Fig. 2b, lane 1), and when c-Myc-GTRAP3-18 protein 
was detected using anti-c-Myc antibodies (Fig. 2b, lane 2). 

Immunohistological analysis of rat brain revealed that GTRAP3- 
18 protein was expressed widely (Fig. 2c) and primarily localized to 
neurons such as cerebellar Purkinje cells (Fig. 2e, g), identical to the 
expression and localization4 of EAAC1 (Fig. 2f, g)2. In transfected 
HEK293 cells, EAAC1 protein (red) seemed to be aggregated at the 
cell membrane (Fig. 2h), whereas GTRAP3-18 protein (green) was 
typically localized to the cell membrane and cytosol, and co- 
associated with EAAC1 protein (yellow) at the cell membrane. 

We tested whether GTRAP3-18 modulates EAAC1 function by 
studying, 72h after transfection, sodium-dependent [3H]glutamate 
transport3,10 in HEK293 cells co-expressing both proteins. Total 
glutamate transport decreased progressively with increasing expres- 
sion of GTRAP3-18 protein (Fig. 3a). This effect was specific for 
EAAC1; co-expression of GTRAP3-18 with EAAT4 had no effect on 
transport activity. The inhibition of transport was not caused by a 
decrease of EAAC1 protein level by the co-expression of GTRAP3- 
18, as quantitated by western blot (Fig. 3b). Similarly, the loss of 
EAAC1 activity was not due to altered protein trafficking. Even at 
high levels of GTRAP3-18 expression—when little EAAC1- 
mediated transport was observed—surface biotinylation and con- 
focal microscopy showed that EAAC1 surface expression was 
unaltered (Fig. 3b). 

To evaluate the biochemical nature of altered transport, we 
carried out kinetic analyses with HEK293 cells co-expressing 
EAAC1 and GTRAP3-18. EAAC1 and GTRAP3-18 co-expressing 
cells showed a decrease in affinity (Michaelis constant, 
Km = 40 u,M, n = 4, P < 0.01) without a shift in maximal velocity 
(Vmax = 0.99nmolmin-1 per mg protein), when compared with 
cells only expressing EAAC1 (Km = 9u,M; Vmax = 1.02nmolmin-1 

per mg protein; Fig. 3c). Similar results were observed with other 
cell lines (COS7 and C6 glioma; data not shown). 

These studies indicate that GTRAP3-18 modulates EAAC1 trans- 
port activity by decreasing its affinity for glutamate. On the basis of 
these results, we thought that GTRAP3-18 might tonically modulate 
EAAC1 activity. To test this, we used antisense oligomers to lower 
GTRAP3-18 expression in HEK293 cells. Notably, western blot 
analyses and glutamate uptake assays revealed that HEK293 cells 
endogenously express some EAAC1 and GTRAP3-18 protein, but 
do not express the transporter subtypes GLAST, GLT-1 or EAAT4. 
We transfected antisense oligomers, targeted to the 5' GTRAP3-18 
transcript, into HEK293 cells. Antisense oligomers specifically 
reduced endogenous GTRAP3-18 protein level (Fig. 3d, grey 
bars); EAAC1 protein level was not affected. Significantly, glutamate 
transport activity was elevated concomitantly with the reduction of 
GTRAP3-18 protein level (black bars). 

We determined whether the in vitro modulation of EAAC1 by 
GTRAP3-18 is physiologically relevant, by administering GTRAP3- 
18 antisense oligomers intraventricularly. Eleven days of antisense 
treatment resulted in a reduction of GTRAP3-18 protein level and a 
significant increase in cortical glutamate uptake, whereas glutamate 
uptake was not altered in animals treated with the sense oligomer 
(Fig. 3e). The effect was due to increased EAAC1 -mediated trans- 
port because it was not altered by dihydrokainic acid (DHK), an 
inhibitor of GLT-1-mediated glutamate transport". In kinetic 
studies of DHK-insensitive, cortical glutamate uptake from anti- 
sense-treated animals, the apparent affinity for glutamate was 
increased (antisense Km = 10u,M; Vmax = 1.08 nmol min-1 per 
mg protein) compared with artifical cerebrospinal-fluid (CSF)- 
treated or sense-treated control animals (control Km = 19.7 (JLM; 
Vmax = 1.08 nmol min-1 per mg protein; Fig. 3f). These results 
suggest that GTRAP3-18 negatively modulates EAAC1 glutamate 
transport activity in vivo. 
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Human GTRAP3-18 (JWA protein), as described above, was 
originally identified as a retinoic-acid-responsive gene. We therefore 
tested whether retinoic acid could upregulate GTRAP3-18 expres- 
sion and consequently inhibit EAACl-mediated glutamate trans- 
port in HEK293 cells. Retinoic acid induced a large increase in 
GTRAP3-18 expression, over a non-toxic dose range from 1 to 
10 uM (Fig. 4a). A significant decrease in glutamate transport 
activity paralleled the increase of GTRAP3-18 protein level (Fig. 
4a). Fluorescence microscopy indicated that this loss of transport 
activity was not due to changes in EAAC1 protein level (Fig. 4a) or 
in the cellular membrane localization of EAAC1 protein induced by 
retinoic acid (Fig. 4b). 

To confirm that loss of transport activity was specifically due to 
GTRAP3-18 and not by other factors induced by retinoic acid or 
direct effects on EAAC1, we constructed a truncated EAAC1 cDNA, 

lacking the last 93 amino acids. The truncation corresponded to the 
region used as bait in yeast two-hybrid screening, and was not able 
to interact with GTRAP3-18 (Fig. lb, lane 5). Nevertheless, after 
transient expression in HEK293 cells, the truncated EAAC1 trans- 
ported glutamate. Retinoic acid treatment did not alter activity of 
the truncated EAAC1 protein; even though GTRAP3-18 protein 
expression was elevated markedly (Fig. 4c). Thus, the loss of 
transport activity caused by retinoic acid was the result of 
GTRAP3-18 induction. Notably, truncated EAAC1 had increased 
glutamate transport activity as compared with wild type. Truncated 
EAAC1 had a Km of 5.4 |xM, which was more than a threefold 
increase in affinity over that of wild-type EAAC1 (Km = 17 u,M; 
Fig. 4d). This might mean that endogenous EAAC1 is normally 
inhibited by GTRAP3-18—an effect that was eliminated in a 
truncated EAAC1, and that was mimicked by GTRAP3-18 antisense 
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Figure 3 GTRAP3-18 negatively modulates EAAC1 -mediated glutamate transport. 
a, Glutamate transport in HEK293 cells transfected with the indicated plasmids. GTRAP3- 

18 inhibited EAAC1 -mediated transport, but had no effect on EAAT4 (n = 6). b, Western 
blot showed that the co-expression of GTRAP-3-18 had no effect on total EAAC1 protein 

expression (top, left). Analysis of HEK293 cells by confocal microscopy (top panel, right) 

and surface biotinylation (bottom) revealed no alteration in the membranous localization of 
EAAC1.1, intracellularfraction; M, cellular membrane fraction; W, whole cell. Superoxide 

dismutase (S0D1) was used as a control, c, Eadie-Scatchard plot of glutamate transport 
in transfected HEK293 cells showed a 4-10-fold decrease in affinity (n = 4). d, Antisense 
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GTRAP3-18 oligomers reduced endogenous GTRAP3-18 expression in HEK293 cells and 
produced an increase in EAAC1 transport. Asterisks indicate statistical significance 

(Students f-test; P < 0.01) versus untreated control (n = 4). e, Intraventricular antisense 
delivery led to a 50% loss of cortical GTRAP3-18 levels and a significant increase in 

dihydrokainate-insensitive glutamate uptake. Asterisk indicates statistical significance 
(Students f-test; P< 0.05) versus artificial CSF (aCSF) control (n=7). f, Kinetic analysis of 
cortical tissue from rats treated with antisense GTRAP3-18 shows an increase in apparent 

affinity for glutamate. All errors bars represent standard deviation. 
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treatment (Fig. 3f). 
To test this hypothesis in vivo, retinoic acid was infused intraven- 

tricularly. After 4d of treatment, cortical GTRAP3-18 protein 
expression was increased in a dose-dependent manner, and this 
was associated with a significant decrease of total glutamate uptake 
(Fig. 4e, top panel). This effect was specifically due to decreased 
EAACl-mediated transport because it was not altered by the 
glutamate transport inhibitor dihydrokainic acid, at a concentra- 

tion that predominantly effects GLT-1 (Fig. 4e, bottom panel)". 
Kinetic analysis of DHK-insensitive, cortical glutamate transport 
from animals treated 4 d with intraventricular retinoic acid revealed 
a fourfold decrease in affinity over control transport (Fig. 4f)—very 
similar to that seen in vitro (Fig. 3c). In addition, retinoic acid 
inhibition of glutamate transport could be reversed in vivo; chronic 
intraventricular treatment with antisense GTRAP3-18 oligomer 
(50-lOOngd-1, for 7-10d) blocked the retinoic acid (2.5|xM) 
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Figure 4 Retinoic acid upregulates GTRAP3-18 expression and consequently inhibits 
EMC1 transport in HEK293 cells in brain, a, After 14 d, retinoic acid induced GTRAP3-18 

expression and inhibited transport {n = 5) in HEK293 cells, b, Membrane localization of 

EAAC1 protein was not changed by retinoic acid, as visualized by fluorescent microscopy. 
GTRAP3-18 expression, particularly in a subcellular compartment, was greatly induced by 
retinoic acid (arrow), c, Glutamate transport by HEK293 cells expressing truncated EAAC1 

(lacking a C-terminal interacting domain) was not inhibited by 14 d of treatment with 

retinoic acid (5 u.M; n = 3). d, Truncated EAAC1 expressed by HEK293 cells has 
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increased apparent affinity for glutamate compared with wild type (WT) EAAC1. 
e, Intraventricular delivery of retinoic acid (3-5 d) inhibited glutamate uptake; the effect 

was blocked by concomitant treatment with GTRAP3-18 antisense oligomers (5 u,g u.1"1; 
1 u.1 IT1; top panel). This effect was specific for DHK-insensitive transport (bottom panel, 

grey bars)—a crude partial estimate of EAAC1 activity in vivo—but not for DHK-sensitive 
transport (EAAT2-mediated) (black bars; n = 5). f, Kinetic analysis of cortical uptake from 

rats treated with retinoic acid (2.5 pmol I"1 h"1 for 4 d) showed a large decrease in 

apparent affinity for glutamate [n = 3). All errors bars represent standard deviation. 
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induction of GTRAP3-18, and also blocked the inhibition of 
glutamate transport seen with retinoic acid treatment (Fig. 4e, top 
panel). Retinoic acid had no effect on glutamate transport by cells 
expressing GLT-1 or EAAT4. 

In brain, glutamate serves as an excitatory neurotransmitter, a 
metabolic substrate for other neurotransmitters (that is, GABA 
(7-amino butyric acid)), and an amino acid for general cellular 
metabolism. In brain, glutamate transporters maintain low extra- 
cellular glutamate and influence the kinetics of glutamate receptor 
activation12"14. Little is known about the molecular and protein 
regulation of glutamate transporters, or for neurotransmitter 
transporters in general. In tumour cell lines, for example, the 
cell-surface expression of EAAC1 appears to be regulated by 
pathways mediated by both protein kinase C and phosphatidyli- 
nositol-3-OH kinase, albeit through as yet unidentified 
proteins7'15. GTRAP3-18 appears to be an endogenous inhibitory 
regulator of EAAC1. EAAC1 is found throughout the brain on 
somas and dendrites of small and large pyramidal neurons2,4. 
EAAC1 is also localized to pre-synaptic GABA-containing term- 
inals, and may have a metabolic role in providing glutamate for 
GABA metabolism4,16. Loss of brain EAAC1 expression interferes 
with GABA synthesis and results in epilepsy3,17. In kidney, EAAC1 
may contribute to renal acidic amino-acid reabsorption, acid/base 
balance, cell volume regulation, and amino-acid metabolism5,6. 
GTRAP3-18 may have a critical role in the regulation of the 
neurotransmitter and metabolic functions of EAAC1. D 

Methods 
Yeast two-hybrid screening 
The MATCHMAKER Two-Hybrid System (Clontech) was used for screening. We screened 
a rat brain cDNA library with a bait protein corresponding to C-terminal intracellular 
domain of EAAC1 (last 87 amino acids, cDNA position 1,458-1,719). The positive clones 
were selected and assayed for ß-galactosidase activity. Plasmid DNAs were isolated from 
positive clones and co-transformed with bait cDNA back into yeast to reconfirm the 
interaction. 

GST fusion proteins 
The GST Gene Fusion System (Pharmacia) was used to construct and generate GST- 
EAAC1 and GST-GTRAP3-18 fusion proteins using pGEX-6P-l vector. 

In vitro cell-free binding assay 
The TnT Coupled Reticulocyte Lysate System (Promega) was used to generate 
[35S]methionine-labelled GTRAP3-18 protein using the pRK5-GTRAP3-18 plasmid 
DNA as a template, driven by SP6 RNA polymerase. GST-EAAC1 fusion proteins were 
expressed in Escherkhia coli and recovered on glutathione-sepharose beads as described 
above. The beads were incubated with lysate which containing [35S]labelled GTRAP3-18 
protein for 1 h at 4 °C and then washed five times with NETN buffer (20 mM Tris pH 8.0, 
100 mM NaCl, 1 mM EDTA, 0.5% NP-40). The beads were boiled in sample buffer (SB) 
(2% SDS, 10% glycerol, 62 mM Tris pH 6.8) and bound proteins resolved in SDS-PAGE. 

Gene constructions and mammalian cell expression system 

We used the eukaryotic expression vectors pcDNA3 and pRK5 for expression of cDNAs in 
mammalian cell lines. Full-length EAAC1 cDNA was subcloned into Nod, EcoRI sites of 
the pcDNA3 vector. For the truncated EAAC1, the last 279 nucleotides were removed by 
AatW and EcoRI digestion in a pcDNA3/EAACl construct and blunt ended. For tagging 
GTRAP3-18 with c-Myc, GTRAP3-18 cDNA was first subcloned into downstream of c- 
myc gene (Norl site) in the pTYGL vector. The EcoRI IBamHl fragment containing Myc- 
GTRAP3-18 fusion gene was then subcloned into pRK5. The constructed plasmid DNA 
was transfected into HEK293, COS-7 or C6 glioma cell lines by standard electroporation, 
and 72 h later cells were collected for various assays. 

Immunoprecipitation, biotinylation and transport assays 

For the transfected cells, cells were solubilized in 1 ml of IPB buffer (10 mM Tris pH 7.6, 
5mM EDTA, 5 mM EGTA, 1 mM sodium orthovanadate, aprotinin 15 M-gml"', 0.1 mM 
PMSF) with 1% triton at 4°C for 30 min with gentle rotation. Cell debris was removed 
(15,000^, 15 min), and supernatants were incubated (4 °C, 16 h) with protein A/sepharose 
beads (150 u.1, CL-4B, Amersham) and primary antibodies (1.5 mgrnf1). The immuno- 
bead-bound protein complexes were washed three times (IPB buffer in 1% triton X-100, 
100 mM NaCl) followed by three IPB buffer washes. Immunoprecipitated proteins were 
boiling in SB and analysed by western blotting. 

For the rat brain, coronal sections of brain were sliced at 1-2-mm intervals from the 
cerebellum to the olfactory bulbs. The cortex region was excised from the brain and placed 
in cold buffer A (50 mM Tris pH 7.5,2 mM EDTA, 150 mM NaCl, 0.5 mM dithiothreitol). 

The tissue was washed three times in buffer A and then weighed. The tissue was then 
homogenized using a blender in 2.5 volumes of buffer B (50 mM Tris pH 7.5,10% glycerol, 
5mM magnesium acetate, 0.2 mM EDTA, 0.5 mM dithiothreitol, 1 mM PMSF). The 
particulate material was removed by centrifugation at 15,000g for 30 min at 4 °C. The 
supernatant fraction was incubated with protein A/sepharose beads and primary anti- 
bodies as above. 

Biotinylation was performed as described15 with modifications. Glutamate uptake 
assays were done as described on either cells grown on six-well plates (up to 1 mg protein) 
or brain tissues (100-150 u.g protein). To block GLT-1 transport activity, homogenates 
were pre-incubated with dihydrokainic acid (300 p.M, Sigma) for 20-60 min before assay. 

Blotting, immunostaining and antibodies 

The methods for isolation of RNA and northern blotting, western blotting and immu- 
nostaining have been described18. We synthesized a synthetic peptide corresponding to an 
N-terminal domain of GTRAP3-18 protein NH2-KHFFPGSDRFARPDFRD2,-COOH and 
used this to generate polyclonal, affinity-purified antibodies from New Zealand White 
rabbits2". Confocal microscopy of transfected cells of brain sections was performed with a 
Zeiss LSM 510 laser scanning microscope using fluorescein (Vector, FI1000) and Texas red 
(Vector, TI2000) flurochromes. 

Intraventricular antisense/drug administration 

We used the following sequences for the new phosphodiester oligonucleotides: sense 
GTRAP3-18, 5'-GTGAACCTTGCCCGCTC-3'; antisense GTRAP3-18, 5'-GAGCGG 
GGCAAGGTTCAC-3'. Oligonucleotides (5 u.g u.1"'), retinoic acid (1-20 p,M; 
0-20 pmol pX1) separately or in combination were administered intraventricularly over 
3-11 d, by mini-osmotic pumps (Alza Corporation, Palo Alto, CA) as described3. 
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Glutamate is the main excitatory neurotransmitter in the mam- 
malian central nervous system and is removed from the synaptic 
cleft by sodium-dependent glutamate transporters. To date, five 
distinct glutamate transporters have been cloned from animal and 
human tissue: GLAST (EAAT1), GLT-1 (EAAT2), EAAC1 (EAAT3), 
EAAT4, and EAAT5 (refs 1-5). GLAST and GLT-1 are localized 
primarily in astrocytes6,7, whereas EAAC1 (refs 8, 9), EAAT4 (refs 
9-11) and EAAT5 (ref. 5) are neuronal. Studies of EAAT4 and 
EAAC1 indicate an extrasynaptic localization on perisynaptic 
membranes that are near release sites8"10. This localization facil- 
itates rapid glutamate binding, and may have a role in shaping the 
amplitude of postsynaptic responses in densely packed cerebellar 

terminals12"15. We have used a yeast two-hybrid screen to identify 
interacting proteins that may be involved in regulating EAAT4— 
the glutamate transporter expressed predominately in the cere- 
bellum—or in targeting and/or anchoring or clustering the 
transporter to the target site. Here we report the identification 
and characterization of two proteins, GTRAP41 and GTRAP48 
(for glutamate transporter EAAT4 associated protein) that speci- 
fically interact with the intracellular carboxy-terminal domain of 
EAAT4 and modulate its glutamate transport activity. 

To identify proteins that interact with the C terminus of the 
EAAT4 protein, we used the last 77 amino acids of EAAT4 as bait to 
screen a rat brain complementary DNA library. We isolated two 
independent cDNA clones and called them GTRAP41 and GTRAP48 
(for glutamate transporter-4-associated protein). Isolation of the 
full-length cDNAs by a series of 5' and 3' rapid amplification of 
cDNA ends (RACE) polymerase chain reactions (PCRs) showed 
that the largest open reading frame (ORF) for GTRAP41 is 7,164 
base pairs (bp), which encodes a 2,388 amino-acid protein with a 
predicted relative molecular mass (Mr) of 270,958 (accession no. 
AF225960). 

A BLAST search of the GenBank database showed that GTRAP41 
possesses 87% identity with ß-spectrin III (accession no. 
AB008567). GTRAP41 possesses seventeen 16-amino-acid spectrin 
repeats, two a-actinin domains and a pleckstrin homology (PH) 
domain (Fig. la). The largest ORF identified for GTRAP48 (acces- 
sion no. AF225961) is 4,581 bp, which encodes a 1,527-amino-acid 
protein with a predicted Mr of 168,698. A BLAST search of the 
GenBank database showed that GTRAP48 is unique, but it possesses 
significant homology to the KIAA0380 cDNA encoded protein 
(90% identity) and RhoGEF, pll5 (ref. 16). GTRAP48 possesses a 
PDZ domain, a regulatory G-protein-signalling sequence (LH), 
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Figure 1 Structure and distribution of GTRAP41 and GTRAP48. a, b, cDNA clones 
GTRAP41 /pGAD10 and GTRAP48/pGAD10 isolated from the yeast two-hybrid screen are 
shown aligned below representations of full-length GTRAP41 and GTRAP48, respectively. 

The number of times the clones were isolated is shown in parentheses, c, Multiple tissue 

northern (MTN; Clontech) blot probed with 3' PCR probes of GTRAP41 and GTRAP48. 

d, Western analysis of GTRAP41 and GTRAP48. e-g, Rat brain sections stained with anti- 

EAAT4 (e), anti-GTRAP41 (1) and anti-GTRAP48 (g) antibodies, h-m, EAAT4 (h, k), 
GTRAP41 (i) and GTRAP48 (I) are all predominately expressed in the cell bodies and 

dendrites of Purkinje cells. The overlaps of GTRAP41 and GTRAP48 with EAAT4 are 
shown in j and m, respectively. 
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tandem dbl homology (DH) and pleckstrin homology (PH) domains 
characteristic of guanine nucleotide exchange factors for the Rho 
family of G proteins, and two proline-rich sequences (Fig. lb). 

Northern blot analysis detected a 8.3-kilobase (kb) GTRAP41 and 
a 7.5-kb GTRAP48 messenger RNA in brain tissue (Fig. lc). Longer 
exposure revealed a low level of expression in liver and kidney for 
both GTRAP41 and GTRAP48. Anti-peptide antibodies were raised 
and the affinity-purified antibodies recognized a Mr 270,000 (270K) 
protein and a 170K protein, respectively, in HEK 293T cells 
transfected with full-length GTRAP41 and GTRAP48 cDNA 
(Fig. Id). GTRAP41 and GTRAP48 were both selectively localized 
to brain, consistent with the northern blot analysis (Fig. Id). EAAT4 
is selectively localized to cerebellar Purkinje cells, although low-level 
expression is observed in cerebral cortex, hippocampus and 
striatum9. We found that GTRAP41 and GTRAP48 were expressed 
predominately in the cerebellum (Fig. le-g), with low-level 
immunoreactivity in striatum, hippocampus and thalamus. 
Immunofluorescence microscopy revealed that all three proteins 
are expressed in cerebellar Purkinje cell soma and dendrites, with 
little axonal staining (Fig. lh-m). 

We first confirmed the biochemical interaction between 
GTRAP41/GTRAP48 and EAAT4 by an in vitro binding assay. 
Full-length Myc-tagged GTRAP41 and GTRAP48 were expressed 
in HEK 293T cells. The solubilized cell extracts were then mixed 
with bead-linked glutathione S-transferase (GST)-EAAT4 or GST 
alone, and the bound proteins were eluted. GTRAP41 and 
GTRAP48 were retained specifically by the GST-EAAT4 fusion 
protein, but not by GST alone (Fig. 2a). A stable, rat EAAT4- 
expressing cell line was generated in HEK 293T cells (HEK-rEAT4) 
and transfected with cDNAs encoding Myc-tagged GTRAP41 and 
GTRAP48. We used antibodies directed at the amino terminus of 
EAAT4 to immunoprecipitate the antigen plus any associated 
protein. Western blot analysis using an anti-c-Myc antibody 
showed that GTRAP41 and GTRAP48 co-immunoprecipitated 
with EAAT4 (Fig. 2b). 
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Similarly, when the anti-c-Myc antibody was used, EAAT4 was 
co-immunoprecipitated with GTRAP41 and GTRAP48 (Fig. 2c). In 
vivo, GTRAP41 (Fig. 2d) and GTRAP48 (Fig. 2f) were co-immu- 
noprecipitated with EAAT4 from brain by antibodies directed at the 
N terminus of EAAT4 but not by antibodies directed at the C 
terminus (Fig. 2d, f). As the site of interaction is within the C 
terminus of EAAT4, however, it is likely that the C-terminal 
antibodies disrupt the protein-protein interaction. Furthermore, 
GTRAP41 and GTRAP48 seem to interact specifically with EAAT4, 
as we could not co-immunoprecipitate GTRAP41 and GTRAP48 
from brain with antibodies directed at other glutamate transporters 
(Fig. 2d, f). 

Western blot analysis confirmed that the immunoprecipitating 
antibodies pulled down their corresponding antigen (see Supple- 
mentary Information). No co-immunoprecipitation was observed 
when the precipitating antibody was omitted or pre-absorbed 
(Fig. 2b, e, g). We next determined the region of EAAT4 that 
binds GTRAP41 and GTRAP48. We used a series of successively 
larger C-terminal deletions of the original, 77-amino-acid, C- 
terminal EAAT4 bait in a yeast two-hybrid screen. Residues 555- 
561 and 527-534 appear to be required for GTRAP41 and 
GTRAP48 binding, respectively. 

As GTRAP48 possesses areas of homology to pi 15 and PDZRho- 
GEF, two RhoGEFs that selectively activate Rho16,17, we investigated 
whether GTRAP48 interacts with the Rho family of GTPases. We 
measured the amount of GTP-7S that bound to GST-RhoA, GST- 
Cdc42 and GST-Rac in the presence of full-length GTRAP48 or 
pi 15, and found that GTRAP48, like pi 15, shows a specific guanine 
nucleotide exchange activity for Rho (Fig. 3a, b). Co-immunopre- 
cipitation assays also showed that GTRAP48 interacts with the 
active form (in the presence of aluminium fluoride) but not the 
inactive form of the Ga13 subunit and therefore, may act as a link 
between G-protein-coupled receptors and their downstream targets 
(Fig. 3c). Specificity of the G0113 antibody has been previously 
described18. 
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Figure 2 Interaction of GTRAP41 and GTRAP48 with EMT4. a, Binding of Myc- 
GTRAP41 and Myc-GTRAP48 to GST-EAAT4. b, c, GTRAP41, GTRAP48 or vector alone 

(VA) were expressed (as indicated by the bars) in HEK-rEAAT4 cells. Immunoprecipitations 
were performed either with the N-terminal anti-EAAT4 antibody (b), or with the antibodies 

(Ab) indicated above the lanes (c). Immunoprecipitates were analysed by immunoblotting 
using anti-c-Myc (b) or C-terminal anti-EAAT4 (c; arrowhead indicates protein-A- 

Sepharose band) antibodies, d-g, Extracts of rat brain were immunoprecipitated with 

antibodies (d, f) directed at the N terminus and C terminus of the glutamate transporters 
(as indicated above the lanes), no antibody or antibody pre-absorbed with peptide (e, g). 

Immunoblots were probed with the anti-GTRAP41 (d, e) and the anti-GTRAP48 (f, g) 

antibodies. 
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Rho regulates the remodelling of the actin cytoskeleton through 
various actin-binding proteins, although the mechanism is not well 
characterized19. As GTRAP48 can activate Rho, we next determined 
whether the expression of GTRAP48 induced reorganization of the 
actin cytoskeleton and whether it altered the distribution of 
GTRAP41, a possible actin-binding protein. When GTRAP41 was 
expressed alone there was a close relationship between actin and 
GTRAP41 at the cell membrane, but there were very few organized 

actin filaments (Fig. 3d, e). Conversely, when GTRAP41 and 
GTRAP48 were co-expressed, GTRAP41 colocalized with actin in 
structures that resembled actin-stress fibres (Fig. 3f, g), a typical 
Rho-dependent effect. We noted that the overexpression of 
GTRAP48 also induced the formation of membrane ruffling and 
filopodia (Fig. 3h, i), suggesting some degree of cross-talk between 
the small GTPases, as these are typical Rac- and Cdc42-dependent 
effects. 
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Figure 3 Guanine nucleotide exchange activity of GTRAP48. a, Binding of GTP-yS to 

GST-RhoA (filled circles), GST-CDC42 (open circles) and GST-Rac (filled triangles) was 
measured after 10 min at 30 °C in the presence of the indicated concentrations of full- 
length GTRAP48 as described in Methods, b, Binding of GTP-7S to the indicated GTPases 

in either the absence (white), or the presence of 100 nM GTRAP48 (black) or 100 nM 

T     I      M 
GTRAP41 

p115-RhoGEF (grey), c, Binding of active Ga13to Glu-tagged (EE) GTRAP48 and pi 15 
RhoGEF. d-i, HEK-rEAAT4 cells transfected with either vector alone (d, e), Myc-tagged 

GTRAP41 and GTRAP48 (f, g) or Myc-tagged GTRAP48 (h, i). Actin filaments were 
visualized with FITC- or rhodamine-conjugated phalloidin. 
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increased the Km from 10 to 13 (iM. c, Immunoblots of total (T), intracellular (I), and 
biotinylated fractions (M) of HEK-rEAAT4 cells transfected with GTRAP41 and GTRAP48. 

d, Quantitation of immunoblots for total EAAT4 protein (n = 3; **P< 0.005, *P< 0.05). 
e, Ratio of membrane-bound to intracellular EAAT4. f, Cells transfected with GTRAP41, 
GTRAP48 or vector alone incubated with cycloheximide (10 (xg ml"1) for 12 h. 
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We determined whether there was a functional association 
between GTRAP41, GTRAP48 and EAAT4. We measured the 
sodium-dependent glutamate transport activity of HEK-rEAAT4 
cells that had been transfected with one or both of the interacting 
proteins. GTRAP41 and GTRAP48 produced respective twofold 
and fourfold increases in glutamate transport (Fig. 4a), and their co- 
expression resulted in a further increase in glutamate uptake. 
Kinetic analysis indicated that GTRAP41 and GTRAP48 produced 
an increase in the Vmax of glutamate transport activity (Fig. 4b). 
GTRAP41 and GTRAP48 may therefore enhance glutamate trans- 
port either through an increase in the catalytic rate of the trans- 
porter or through an increase in cell-surface availability. 

To examine changes in the cell-surface levels of EAAT4, we used a 
cell-membrane-impermeant biotinylation reagent to label cell- 
surface proteins selectively. Figure 4c shows western analysis of 
a representative biotinylation experiment for GTRAP41 and 
GTRAP48. The total amount of EAAT4 increased when GTRAP41 
and GTRAP48 were co-expressed (Fig. 4d); in contrast, the total 
amount of SOD 1, a control for the total amount of protein loaded, 
was unaltered or decreased in the GTRAP41 or GTRAP48 samples, 
respectively. The percentage of total EAAT4 that was biotinylated 
remained the same when GTRAP41 and GTRAP48 were co- 
expressed, showing that most of the increase in total EAAT4 pro- 
tein was located at the cell surface and not in an intracellular 
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Figure 5 Modulation of EAAT4 activity, a, GTRAP48AC00H results in a very small 
increase in EAAT4 uptake activity compared with full-length GTRAP48 (*P< 0.05). 

b, Overexpression of the EAAT4 C-terminus reduced the GTRAP48-mediated effect on 
EAAT4 activity (**P< 0.005). c, intra-cisternal injection of HSVIac amplicons expressing 

GTRAP41 and GTRAP48 increased glutamate uptake In vivo (n= 6; *P< 0.05). Western 

blot analysis demonstrates increased expression of GTRAP41 and GTRAP48. d, A 
possible model of the coupling of EAAT4 to a Rho GTPase signal transduction cascade and 
to the actin cytoskeleton via GTRAP48 and GTRAP41. GDP, guanosine diphosphate; GTP, 

guanosine triphosphate. 

pool (Fig. 4e). 
These results indicated that GTRAP41 and GTRAP48 stabilize 

and/or anchor EAAT4 at the cell membrane, making it less likely to 
be internalized and subsequently degraded; however, we could not 
rule out the possibility of increased expression of the cell's native 
gene. To address this issue, we treated cells with cycloheximide, an 
inhibitor of protein synthesis, 48 h after transfection (Fig. 4f). 
Densitometry showed that 12 h after treatment the EAAT4 protein 
in HEK-rEAAT4 cells was reduced to 54 ± 0.6% of its level before 
cycloheximide treatment. In contrast, 81 ± 2% and 74 ± 1.7% of 
the EAAT4 protein remained after 12 h when GTRAP41 and 
GTRAP48 were co-expressed, respectively. These results provide 
compelling evidence that GTRAP41 and GTRAP48 do stabilize 
EAAT4 at the membrane. 

To determine whether the EAAT4/GTRAP48 interaction is 
required to mediate the increase in EAAT4 activity, we transfected 
HEK-rEAAT4 cells with GTRAP48 constructs lacking the last 155 
amino acids, which were pulled out by EAAT4 in the yeast two- 
hybrid screen. The C-terminally truncated GTRAP48 had only a 
modest effect on stimulating EAAT4 activity, indicating that the 
protein-protein interaction is responsible for most of the increase 
in uptake activity (Fig. 5a). We also co-transfected HEK-rEAAT4 
cells with GTRAP48 and a Myc-tagged cDNA construct encoding 
the last 77 amino acids of EAAT4, to disrupt the interaction of 
GTRAP48 with full-length EAAT4. We found that the co-expression 
of this construct inhibited the GTRAP48-mediated effect by about 
25%, but co-expression of a smaller construct (residues 1,452- 
1,578), lacking the GTRAP48-binding domain, had no effect (Fig. 
5b). Together, these results indicate that the EAAT4/GTRAP48 
interaction is important in modulating EAAT4 uptake activity. 

The physiological relevance of GTRAP41 and GTRAP48 on 
EAAT4 uptake activity in vivo was subsequently examined by 
the intra-cisternal injection of HSV amplicon vectors expressing 
GTRAP41 and GTRAP48. Cerebellar glutamate uptake was 
measured 48 h after injection, and was elevated when GTRAP41 
and GTRAP48 were expressed but not when the control HSVIac 
amplicon vector was injected (Fig. 5c). Dihydrokainic acid (DHK), 
an inhibitor of GET-1-mediated glutamate transport, had no 
effect on cerebellar glutamate uptake, ruling out any involvement 
of GET-1. There is no method to distinguish functionally between 
GLAST, EAAC1 and EAAT4; but, as GTRAP41 and GTRAP48 do 
not interact directly with any other transporter, it is likely that the 
observed increase in uptake is due to an increase in EAAT4 activity. 
Western blot analysis confirmed an increased expression of 
GTRAP41 and GTRAP48 in the cerebellum after the injections. 
Preliminary studies of primary cultures of rat Purkinje cells indicate 
that EAAT4 and GTRAP41 may colocalize perisynaptically at 70% 
of synapses. 

Glutamate transporters, through their rapid and efficient 
removal of glutamate from the synaptic cleft, are critical in gluta- 
matergic plasticity and the prevention of glutamate-mediated 
excitotoxicity. Identifying and characterizing the glutamate trans- 
porter associated proteins GTRAP41 and GTRAP48 has begun to 
unravel the complex mechanism of glutamate uptake. In the 
modulation of EAAT4 glutamate transport, our findings implicate 
a role for G-protein signalling, a pathway that may involve Rho 
activation, and anchoring to the actin cytoskeleton (Fig. 5d). These 
proteins may also modulate the perisynaptic distribution of EAAT4 
at glutamatergic synapses. Future studies are required to delineate 
the signalling pathway of GTRAP41 and GTRAP48, and how their 
interaction may be relevant to normal and abnormal glutamatergic 
neurotransmission, as altered EAAT4 function may be involved 
in the neurodegenerative disease spinocerebellar ataxia (SCA1)20. 
By understanding the physiological regulation of the EAAT4 trans- 
porter, we may be able to identify possible therapies for SCA1 or 
other toxic insults that lead to the degeneration of Purkinje cell 
neurons. D 
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Methods 
Yeast two-hybrid screen 
We screened a rat brain cDNA library (Clontech) using the final 77 amino acids of EAAT4 
as bait (pGBT9). For the EAAT4 C-terminal domain analysis, different regions of the final 
77 amino acids of EAAT4 were subcloned in-frame into the pGBT9 vector. 

Cloning of full-length GTRAP41 and GTRAP48 cDNAs 

Marathon cDNA amplification (CLONTECH) was used to perform both 5'- and 3'-RACE 
on cDNA synthesized from rat brain poly(A)+ RNA. 

Antibodies 
Affinity-purified polyclonal antisera to EAAT4, GTRAP41 and GTRAP48 were generated 
as described6. We synthesized peptides corresponding to epitopes of EAAT4 (C-terminal, 
EKGASRGRGGNESA; N-terminal, KNSLFLRESGAGGGCL), rat GTRAP41 
(KRGPAPSPMPQSRSSE) and rat GTRAP48 (KTPERTSPSHHRQPSD). The anti-c-Myc 
monoclonal antibody was from Boeringer Mannheim. For visualization of intracellular 
F-actin organization, the cells were probed with Texas-red-conjugated or fluorescein 
isothiocyanate (FITC)-conjugated phalloidin (Sigma). 

Transfection and maintenance of HEK-rEAAT4 cells 

The EAAT4 cDNA was subcloned into pcDNA3.1/Hygro(+) (Invitrogen) using the EcoRl 
restriction site. The plasmid was linearized with Sspl and transfected into HEK 293T cells. 
Forty-eight hours after transfection, the cells were split to 50% confluency, and hygro- 
Mycin (Invitrogen) was added at a concentration of 50 u-g ml"1. After about 2-3 weeks of 
selection, a serial dilution was carried out and cells were plated out, without selection, in a 
96-well plate to obtain one cell per well. Several colonies were picked, expanded in selective 
medium and checked for expression by western blotting. 

Fusion proteins and in vitro binding 
Full-length EAAT4 was subcloned into the EcoRl site of the GST-fusion vectorpGEX-6P-l 
(Pharmacia). Synthesis of recombinant proteins in BL21 cells (Novagen) was induced by 
0.1 mM isopropyl ß-D-thiogalactoside for 2 h at 30 °C and purified according to the 
protocol provided by Pharmacia. HEK 293T cells were transfected with Myc-tagged 
GTRAP41 or GTRAP48 and gathered in ice-cold immunoprecipitation (IP) buffer. The 
cellular lysate was incubated with GST or GST-EAAT4 immobilized on glutathione- 
Sepharose-4B, and washed to remove nonspecifically bound proteins. Specifically bound 
proteins were eluted with 2x SDS loading buffer and analysed by immunoblotting using 
an anti-c-Myc antibody. 

Co-immunoprecipitation 
Full-length GTRAP41 and GTRAP48 cDNAs were subcloned into the Notl site of a Myc- 
tagged pRK5 vector and used to transfect HEK-rEAAT4 cells. After transfection (48-72 h), 
cells were solubilized with 1 ml of ice-cold IP buffer for 2 h at 4 °C with rotation and 
centrifuged to remove cellular debris. Antibody was added to 0.5 ml of supernatant and 
incubated overnight at 4°C. We dissected and prepared the cerebellum from a Sprague- 
Dawley rat as described2'. For each immunoprecipitation, 500 u.g of the Triton-lysate was 
incubated overnight at 4 °C with 5 p-g of antibody. Protein-A-Sepharose (Pharmacia) was 
then added for 2 hat 4 °C, washed once with IP buffer and three times with IP buffer minus 
Triton X-100. Bound protein was eluted by boiling in 2x SDS loading buffer, and analysed 
by immunoblotting. 

Immunohistochemistry 
Rat brain sections were stained as described', using the following antibodies: C-terminal 
anti-EAAT4(1.5ngmr'), anti-GTRAP41 (127ngmr') or anti-GTRAP48 (132ngml"') 
antibodies. Texas-red and FITC-conjugated secondary antibodies were used at dilutions of 
1:200. 

Guanine nucleotide exchange assay 
Small G proteins GST-RhoA, GST-CDC42 and GST-Rac were expressed in bacterial cells 
and affinity purified to —80% purity using a glutathione column. We incubated 20 pmoles 
of each protein with 100 pmoles GTP-7S for 10 min at 30 °C with varying concentrations 
of full-length GTRAP48 or p 115. The binding reactions were filtered through BA-85 
nitrocellulose and the amount of GTP--yS bound to small G protein was quantified by 
scintillation counting of the dried filters. Binding of Ga13 to GTRAP48 was assayed as 
described18. 

Na+-dependent glutamate transport activity 

HEK-rEAAT4 cells transfected with GTRAP41 and GTRAP48 were grown in a monolayer 
on six-well plates, and assays were conducted 72 h after transfection as described22. We 
subcloned GTRAP41 and GTRAP48 into the EcoRI site of HSVPrPUC amplicon parent 
vector23. Amplicon vector DNA (3.6 p,g) and pBAC-V2 DNA (25 pg) were used to 
transfect 2 x 107 baby hamster kidney cells as described24. Virus was collected 72 h after 
transfection, and titred as described25. Expression particles (2 x 105) were injected intra- 
cisternally into male Sprague-Dawley rats (250 g) obtained from Zivic Miller. Forty-eight 
hours after injection the rats were killed, synaptosomal preparations of the cerebelli were 
prepared using a polytron, and glutamate uptake was measured. 

Biotinylation 
Biotinylation of cell-surface proteins was done as described26. We used SOD1 to control for 
total protein and to determine whether the biotinylation reagent labels proteins in the 
intracellular compartment. 

Statistics 
Statistical differences were determined by Students's f-test for two-group comparisons. 
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Supplemental Figure 1. Comparison of GTRAP48 with other RhoGEFs. Alignment of the LH and DH domains of 
GTRAP48 with KIAA0380 (AB002378), p115 (U64105), DRhoGEF2 (AF032870) and Lsc (U58203). 
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Supplemental Figure 2. Additional coimmunoprecipitation controls. HEK 293T cells were transfected with 
glutamate transporters and either GTRAP48 (a) or GTRAP41 (b), as indicated below the lanes. 
Coimmunoprecipitations were performed using antibodies directed at the transporter or antibodies preabsorbed 
with the corresponding peptide (as shown above the lanes), and the immunoblots were probed with an anti-c- 
myc antibody, c, Immunoblot probed with antibodies against the transporters shows that all the antibodies 
immunoprecipitated their corresponding antigen (indicated with arrows). High molecular weight bands are the 
multimeric forms of the transporters. Arrowhead indicates the protein-A sepharose band, d, 
Coimmunoprecipitation from HEK 293T cells cotransfected with myc-tagged GTRAP41 and GTRAP48 by the 
antibodies indicated below the lanes shows that there is probably no direct interaction between GTRAP41 and 
GTRAP48. 
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Supplemental Figure 3. Identification of the EAAT4 interacting domains. A series of overlapping deletion mutants 
of the C-terminus of EAAT4 were constructed using specific primers and PCR, and used in the yeast two-hybrid 
to determine the region of interaction. Protein-protein interaction was measured by a filter b-galactosidase assay 


